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PREFACE TO THE FIRST EDITION 

, This work is intended mainly for the use of naval architects, 
1^ engineers, and draftsmen. It will also be found of use to the 
*Jj8tudent who has an elementary knowledge of ship resistance. 
^ The subject has been treated from a practical point of view, and 
V theory has been introduced only where it has a direct practical 
^ bearing. 

^ All existing experimental data on models or ships have been 
carefully examined and compared, and those likely to be of 
\ permanent use are reproduced. The mode of presenting resist- 
i ance and power results has been a matter of some difficulty. 
C It was necessary that these results should be in a form applicable 
to all sizes of ships, and for this Froude's " constant " notation 
has undoubtedly greater advantages than any other. Never- 
theless, where greater clearness has been possible by departing 
from this notation, other methods have been adopted. 

The sections on form and variation of form have been given 
in considerable detail, and the separation of experimental data 
in the manner adopted has rendered clear and intelligible much 
that was before contradictory. In the analysis and comparison 
of the large mass of experimental data the author cannot expect 
to have avoided all error, and where any such may be detected 
he would be glad to have it pointed out. 

To a large extent the book is based upon the work of experiment 
links, and it hardly need be said that such a book finds its real 
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place in guiding the designer to what should be tank tested, 
rather thsm to help him to dispense with such tests. It should, 
however, be of great use in making preliminary estimates for 
power in the early stages of a design, particularly when new 
types or large departures from practice are contemplated. 

My thanks are due to Mr. J. Kent, one of my colleagues at the 
National Experiment Tank, for his assistance in the preparation 
of the diagrams and the checking of the calculations given in 
the book. 

G. S. B, 



Note to the Second Ediiion. 

Several small errors in the earlier edition have been corrected. 
The opportunity has also been taken of revising certain chapters 
of the work where our knowledge of the subject has been extended 
either by lecent research or experience. 

G. S. B. 
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PART I 
SHIP FORM AND RESISTANCE 

CHAPTER I 

NOMBNCLATURB 

§ 1. — For the sake of clearness the various terms, symbols, etc., 
used throughout Part I. of the book are here gathered together 
and their meamng clearly stated. This enables the reader at 
any time to ascertain exactly what any term may mean, and 
helps to clear the text of confusing repetitions. 

Parallel body is that portion of the immersed body, any trans- 
verse section of which has the same area and the same shape. 

The fore body is the immersed body forward of the midship 
section, this latter being situated midway between the fore smd 
aft perpendiculars. 

The after body is the immersed body aft of the midship section^ 

The entrance is the immersed body forward of the parallel body, 
or, if the latter is nil, forward of the cross-section of greatest area. 

Length of entrance is the length from the fore perpendicular to 
the section at which the entrance ends. 

The run is the immersed body aft of the parallel body, or, if the 
latter is nil, aft of the cross-section of greatest area. 

S.F. B 



2 SHIP FORM, RESISTANCE AND SCREW PROPULSION 

The length of run is the length from the after perpendicular to 
the after end of the parallel body. 

„, , m • X • i.1. X- immersed volume 
Block coefficient is the ratio ^ p — ^ = p. 

-» . .. «i • X • XI- x« immersed volume -, 

Prismatic coefficient is the ratio t ^. n 1 r v = P* 

L X (largest section area) 

Prismatic coefficient of fore body is the ratio 

immersed vol ume forward of the midship section 
\ Lx (largest section area) 

Prismatic coefficient of entrance P« is the ratio 

immersed volume of entrance 
L^X (largest section area) 

The prismatic coefficients of the after body and of the run are 
similarly defined. 

Largest section coefficient is the ratio 

( area of la rges t section X _ A^f 
BxD J ~Bx& 

L, the length in feet taken between perpendiculars ; 
-B, the breadth \ to mean plating line at the midship 

2), the mean draft ) section, also in feet ; 
A, displacement of the ship in tons ; 
F, speed of ship in knots ; 
w^ weight of salt water per cubic foot ; 
J2, total resistance of the ship in tons ; 

Rfy resistance due to skin friction, to which Froude's law of 
comparison is not applicable ; 
iZjir, the residuary resistance to which Froude's law is applicable. 

§ 2. Froude's Constants. — ^These constants are largely used in 
experimental work, as they afford the best means of making a 
comparison of forms at a given speed for given displacement. 
The underlying principle is a comparatively simple one. All 
dimensions are expressed in terms of the unit J7, which is equal 
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to the length of the side of the cube having contents equal to the 
immersed volume of the ship in cubic feet. Thus : — 
The length constant 




= •3057 



U (35XA)* VAj/ 

The skin constant 

©the wetted surface 8 ^^_ ^ ( S\ 
= (353^A)i =093o(^,j. 

An approximate formula for (Sj i? 




which gives an indication of the variation of (Sj with (m\ 

The speed is expressed in such a form that when a comparison 
of different forms is to be made on a displacement basis, this term 

shall remain constant at '' corresponding speeds." 

y 
It must therefore take the form — r. Since the speed of a wave 

whose length i^ -» ^^ 

=x/|^XiX(35A)», 

the ratio of the ship's speed V to the above is of the right ordei , 
and this ratio has been chosen as the means of expressing the 
relation between the speed and size of the ship. Hence the speed 
constant 

6080 

© ^ 3600 .^, . V 

="7= = 5834^. 



yjh 



(Ax35)*xi 



This, of course, becomes unity when V is equal to the speed of the 
wave whose length is o"- ^ » 

The relation between the speed and the length may similarly 

b2 
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be expressed by the ratio of the speed V to that appropriate to a 
wave of length ( - j . Hence the length-speed constant 

^ 6080 

©^ ^ 3600 - ^.^ V 
^__^^=1 055-7^. 

The resistance constant [Cj is simply the Admiralty constant 
inverted and 

This remains the same for all similar forms at corresponding speeds, 

so that a curve of \CJ to a base of \KJ remains the same for all 

ships of the same form irrespective of their size, if the variation 
of the skin friction with length of surface is neglected. The unit 

of the constant is chosen, so that when (f) is unity. 

For this (Cj must eqaal 

pp/ 2240x6080 \ 

B _ B \ 33000 X 60 / _..o.., E.H.P. 

2240x6080\ A»P " 



•Ajj;^' ......3.^^^) 



As invariably plotted CCj is one thousand times the above, 
and should therefore be written : — 

©=4.,..(^). 

Another constant to which reference is made in the text of the 

book is (Pj' This gives the ratio of the speed of the ship to 

the speed of a wave whose length ia{PxL). 
This length PL is used as a measure of the statical wave length 




r - • 

f 



NOMENCLATURE 6 

of the ship. The speed v corresponding to a wave of this length 
is given by : — 



^^4 



g(PxL) 



2v 
BO that 



© 



V VFxL 



It will be seen that the ratio of the ship's speed to this speed t; 
gives a fair indication of the character of the resultant system of 
waves the ship tends to form, and that when the ship's speed is 
equal to that of waves having lengths ^, |, etc., of PL, the corre- 
sponding (PJ values *"^ ^2 aT? ^^'' called \P)2 (P)z' 

Where diagrams of (CJ values are given, these are for fixed 

length of ship, generally 400 feet. For vessels of other lengths 
some allowance for variation of skin friction with length becomes 
necessary. This allowance takes the form of a small deduction 
for greater lengths, and a somewhat larger addition for smaller 
lengths. It varies to a certain extent with the fulness of the 
form, but not very much, and for all ordinary forms the correc- 
tions given in Table 39 may be used in making any estimate from 
the diagrams. 



CHAPTER n 



* 



STREAM LINE MOTION 

§ 3. — Stream lines play such an important part in the resistance 
of a ship that it is desirable for the general reader to have a fair 
understanding of them, and a brief outline of the theory, its 
principles, and some examples which will serve to illustrate the 
theory and show its latest development are given here. 

A ship-shaped form, if towed through an infinite perfect fluid 
at any uniform speed, will set up motions in that fluid, and at any 
point fixed relative to the form the relative motion of the stream 
and the body will always be the same. If the form is at rest in a 
stream which is flowing past it with uniform velocity, then again 
it may be said that the path of every particle passing through 
any point fixed relative to the form ia always the same. In other 
words, the relative motions are the same whether the body moves 
through the fluid or the fluid moves past the body. ** 

The path so traversed by a particle relative to the form is 
called a stream line, and for any fully submerged body moving in 
a given manner in a perfect fluid there is but one set of such 
stream lines. By a perfect fluid is meant any fluid which is 
incapable of experiencing or transmitting a tangential or shearing 
force. ^ Sea water, the fluid with which we are particularly con- 
cerned, does not come under this definition, it being to a slight 
extent viscous, i.e., capable of transmitting shearing force. The 
effect of this imperfection will be considered later, but outside 
of the local disturbance due to it the pressure effects and the 
stream lines of any fair form may, for practical purposes, be 
regarded the same as if the water were a perfect fluid. 

Consider a pipe bent into the form in the figure having a perf eot 
fluid fiowing through it at uniform velocity. Since the ends of 
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the pipe are in the same straight line, if the cross-section areas of 
the ends of the pipe are the same, the velocities will be the same. 
Since the fluid is frictionless, no energy is dissipated in friction, 
and the energy of the particles remains the same at every point. 
This energy may be represented by £f , where 

w 2g 

V being the velocity in feet per second, 
z the altitude of the particle in feet, 
p the pressure at the particle in lbs., 
w the density in lbs. per cubic foot. 

It follows that with any change of velocity of the particles there 
is a corresponding change in pressure or altitude. These pressures 




Middle Lwc 

Fig. 1. 

throughout the length of the pipe cancel one another, and there 
is no tendency of the fluid to give longitudinal motion to the pipe. 
But there is a definite tendency to movement at the bends B and 
5, and if the pipe were elastic it would be necessary to support it 
by forces qqq at these parts. Similar supporting forces are 
required at C7 to enable the pipe to retain its shape. These 
supporting forces may be supplied in any manner selected. 
Let it be supposed that on the inner side there is a body as 
shaded, and on the outer side there is another elastic tube next 
to this one, with the same fluid flowing through it at the same 
velocity. These two tubes then support each other at their 
common facea. By imagining large numbers of such tubes 
placed together so that they support each other, and that their 
walls become thinner and thinner, we at last get to the condition 
of a number of stream tubes passing a body at a uniform velocity. 
We see, too, that this body is subjected to pressures varying from 
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point to point, and becoming more intense near the ends of the 
moving form and less near the centre, where ite cross-section area 
is greatest. The effect of this pressure upon the resistance will 
be dealt with hereafter. At present it is better to confine 
ourselves to the investigation of a few cases in detail, examining 
both the shape of the stream lines and the distribution of the 
pressure along the forms. 

§ 4, — ^At present the best known method of doing this involve? 
the use of hydrodynamic " sources " and " sinks." The mathe- 
matics is too complicated to give here, and is not necessary for a 
general understanding of the subject. Briefly it may be said that 
a source is a point in a mass of fluid at which fluid is being con- 
tinually introduced. If the mass is otherwise at rest, the fluid 
will spread in radial lines from the source. If the fluid be 
abstracted continually at a point, this point is called a '' sink," 
the stream lines again being radial ; but now the motion is 
towards the sink. If the flow is restricted between parallel planes 
quite close together, the motion is in two dimensions, and the 
sources and sinks are called " two dimensional." On the other 
hand, if the flow takes place in every direction, then we have three 
dimensional sources and sinks. The strength of a source or sink 
is the amoimt of fluid introduced or abstracted at it in unit time. 
By combining sources and sinks with a stream of imif orm velocity 
various patterns of stream lines can be obtained, and if the sources 
and sinks are placed on a line parallel to the direction of the 
uniform stream, and the total strength of the sources equals that 
of the sinks, symmetrical flow will be obtained and one of the 
stream lines will be a closed curve. By a proper adjustment of 
the strengths of the sources and the velocity of the uniform 
stream, this closed stream line can be given any desired shape, 
of which the stream lines can be plotted and the variations in 
pressure along the form can be obtained. 

The simplest cases are those derived from a single two- 
dimensional source and sink combined with a parallel flow. 
This, however, gives blimt-ended ovals as the closed curves, 
which bear little likeness to the ordinary ship form. By imagining 
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a line of such sources and sinks of varying strength the stream 
lines for shapes similar to the level lines of a ship * can be obtained. 
This has been done, and Fig. 2 shows a typical set of lines for 
a sharp-ended form, together with pressure curves along the 
form, and along a stream line which, when imdisturbed, was at a 
distance of one-tenth the length from the centre line. 
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Fig. 2. — Stream Lines around Ship-shaped Form and corresponding 

Pressure Curves. 

If instead of considering two-dimensional cases we turn to 
three dimensions, the problem can be treated in much the same 
way, but the work is now much more complicated and laborious. 
Isolated space sources and sinks will give the stream lines around 
an oval of revolution having very full ends, and a line of such 

» D. W. Taylor, Trans. I. N. A., 1894—6. 
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sources and sinks will give the stream lines past an oval of revolu- 
tion, such as a balloon or submarine, having pointed or blunt 
ends, the degree of sharpness and the shape of the solid depending 
on the strengths of the sources and sinks at various points along 
the central, line. Vessels of fluch form are, however, almost 
non-existent, and in any case the results have no application 
unless the form is either fully submerged or has its axis of revolu- 
tion in the water plane. Such a case, therefore, is of little general 
interest. 

For most practical purposes the actual paths of individual 
stream lines is of little importance, the main thing being the total 
effect of the changes in all the stream lines upon the ship as a 
whole. For this it is required to know only the pressure dis- 
turbance against the form considered. This problem, for a 
perfect fluid, can be solved by making an assumption which 
experience seems to warrant as accurate. The stream lines on 
a number of ship-shaped models, obtained experimentally by 
Mr. Taylor, show that at all moderate speeds for the ship the 
motion is seldom or never in a horizontal plane, i.e., is not along 
the level lines generally. Several sets of experiments made at the 
William Froude tank with a high-speed model and the photo- 
graphic work of Ahlbom show much the same thing. It follows 
that the consideration of the streams around a level line will not 
lead to an accurate indication of what is going on around the ship. 
Moreover, there is ample experimental evidence that the chief 
wave-making of a ship is far more dependent in its characteristics 
upon the curve of areas than upon the shape of individual level 
lines, and this is particularly true with the phase of the question 
considered here, viz., the distribution of stream line pressure 
around the ship. For these reasons it seems probable that a 
better indication of what takes place will be obtained by the use 
of a stream form similar in shape to the curve of areas for the ship, 
and not a level line. This course has the advantage not only of 
being independent of the ship's actual lines, but, since it only 
involves streams in two dimensions, it is not nearly so laborious 
as even the simplest three-dimensional case. 
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§ 5. — ^Fig. 3 sho^s the pressure variations along forms whose 
shapes are given in Fig. 4. The characteristics of these forms 

are as follows : — 

1 

Genebal Dimensions of Stream Forms. 



Form. 



Length units 
Midship section in 

area imits . 
Prismatic coefficient 



A. 


B. 


C. 


188 


192 


188 


25-6 


25-6 


25-6 


•50 


'55 


•65 



D. 



192 

25-6 
•75 



E. 



192 

25-C 
•70 



It will be seen that these have the common characteristic of all 
such forms — ^pressure humps near the ends and decreased pressure 
near the middle. It will also be seen — 

(a) that the humps are generally more emphatic the fuller the 
form, and occur nearer the ends of the form up to a certain 
prismatic coefiGicient, beyond which increase in fulness has 
little effect ; 

(6) that the forms with the larger prismatic coefficients have a 
curious depression in the pressure curve occurring between 
the maximum pressure and the mid-length of the 
body. 

If the stream forms are given an angular termination the 
pressure hump has its maximum ordinate at the end of the vessel, 
and the larger the angle of entrance, the more peaked the curve 
becomes at this part, the larger becomes the ordinate of the 
pressure curve in front of the form, and the more sudden is the 
drop from the positive to the negative pressure — i.e., this negative 
pressure extends over a greater length of the form the greater the 
angle of entrance becomes. These changes are much as would be 
expected from a study of the previous work, since increase in 
angle of entrance is usually accompanied by extra fulness. Such 
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a stream form and its presaure curve are shown in Fig. 2, the 
ratio of width to length being 1 to 6 and the entrance angl< 
34 degrees. 




■i'i i i 

% J" V^iJ»'3 4" f'S 

% 6. Limited Fluid. — So far the motion conaidered has been that 
in a lunitless fluid. As the confines of a body of water become 
more restricted, so the boundaries begin to affect tha Biotion d 
the water. If in the two-dimensional case the f oim !■ moving li 
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a channel having straight boundaries the equations for the 
separate simple source and sink with these boundaries can be 
obtained, and by combining a source and sink the blimt-ended 
oval and its stream lines under these new conditions are foimd. 
Just as in the case of the limitless fluid, by imagining a line of 
sach sources and sinks of varying power, the stream lines for the 
ship-shaped form with the fixed boimdaries can be obtained. 
The work is intricate and difficult, and the reader is not advised 
to attempt it unless he has considerable spare time. In order to 
show this eflPect the pressure curve for the stream form, for which 
results in a limitless fluid are given in Fig. 2, has been obtained 
with boundary walls whose distance apart is the length of the 
form. This curve is shown dotted in the figure. It will be seen 
that the presence of these walls has caused an increase in the 
pressure in the locality of the moving form amounting approxi- 
mately to 30 per cent. This case may be considered as similar 
in effect to that of a vertical-sided ship travelling along a 
nanow channel, the motion of the water being practically all in 
level planes. Considering only that part of the diagram below 
the centre line, it represents a ship having an infinite beam 
travelling in shallow water of depth equal to half the ship's 
length. This is by far the more practical case of the two, 
and, although not rigidly accurate, the pressure curves in the 
figure must indicate the change which takes place when the form 
runs from deep into shallow water. 

§ 7. Experimental Results. — ^In passing from these stream forms 
to the actual ship two new factors are introduced — ^first, that the 
ship travels at the surface of the water and is therefore accom- 
panied by waves, and, second, the ship's shape changes gradually 
from a line at stem and stem to an ellipse or rectangle at amid- 
ships. The disturbance of the surface streams by the waves will 
be naturally felt for some considerable depth. Since these waves 
are created in the first place by the travelling pressure disturbance 
due to the stream line motion, there must be a certain amount of 
give and take between the stream line and the wave pressures, 
which will modify to a certain extent the general stream line 
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changes. With thb reservation, which is of importance only i 
Bpeeds which are high for the length, it may be considered tbi 
the diagrams akeady given do represent the general phenomen 
At each end there is a widening out of the streams, with tl 
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attendant excess of pressure, and at the shoulders and amidshi] 
there is the thinning down of the streams and correspondii 
decrease of pressure. 
Experimenters have in recent yean attacked this probleo 
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The stream lines of various fish-shaped forms have been obtained 
by Professor Hussy and those for some typical ship-shaped forms 
by Taylor. Fig. 6 shows three sets of the latter — one for a 
dngle screw boat of rounded bilge, the second for a form having a 
moderately round midship section, the third for a full form having 
a large amount of parallel body. It will be seen that at the sur- 
face and along the ship's vertical sides the streams follow the wave 
profile generally. But those streams which pass beneath the 
fcnm of the bilge travel more nearly along the buttocks in the fore 
body, show a marked outward movement along the flat floors, 
and turn in to a diagonal line at the stem. The spreading of the 
streams under the flat floors must be due to either a flattening 
out or a decrease in velocity of the streams due to the frictional 
action of the surface. At the bilge turn along the amidship 
portion of the ship there is a comparatively marked widening out 
of the side and bottom stream lines on all the forms tried. This 
seems to suggest that along this portion of the ship the flow 
IB more or less critical and inclined to eddy-making, and 
it is only when the bilge is weU rounded that this feature 
disappears. 

§ 8. The Law of Comparison. — ^This law, which is due to W. 
Froude, states that : — 

The resistances of similar ships are in the ratio of the cubes of their 
lifiear dimensions^ when their speeds are in the ratio of the square 
root of their dim£nsions. 

The speeds which are connected by this relation are known as 
corresponding speeds. 

This law applies only to that resistance for which the dynamic 
conditions are similar, irrespective of size. It is known that this 
IB not the case so far as the frictional resistance of a ship is con- 
cerned, and the law does not apply to it. For this reason the 
results of experiments with models need to be corrected for 
friction when they are applied to the ship. 

The law is now generally accepted, but the following proof is 
given for those interested in the matter. The force which any 
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body exerts can 


be measured by the acceleration it will produce 


in a given mass, 


or if 






F 


is the f orce. 




m 


is the mass. 




a 


is the acceleration, 




t 


is the measure of time. 




V 


is velocity. 




I 


is distance. 


then 




Fccmxa. 


The velocity of a body 

• 


is the ratio 
I 


and acceleration 


is 


1' 

velocity 






time ' 


or 




I 



Since the mass varies as the cube of dimensions it can be written 

m=wxp9 
so that force now can be written 

I ?* ?5 

remembering that velocity is 

I 

T 
then 

Fcc{wxP)X (^). 

For any change in dimensions, therefore, provided that (-jj 
is constant, F must vary as w? X P. 

For example, the energy of a wave is proportional to breadth 
X length X (height)*, i.e., varies as the fourth power of the 
dimensions. 
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The velocity is proportional to (length)*. 

A ship which is n times the size of another will create, at corre- 
sponding speeds, waves which are n times the size of those made 
by the other. The energy dissipated in unit time by each ship 
in wave-making is proportional to — 

wave length (height)^ breadth X {^^^^ • 

The resistance is therefore proportional to— 

(height)2x breadth, i.e., (dimensions)^, 
or this form of resistance comes under the law. 



s.F. 



CHAPTER III 

SKIN FRICTION RESISTANCE 

§ 9. — ^In the previous section it has been assumed that the fluid 
through which the body is moving is perfect, i.e., frictionless. 
Actually one of the largest causes of resistance is the frictional 
character of the water. This imperfection of water affects the 
resistance in two ways— first, in the production of what is now 
known as skin friction, and, second, in aiding eddy-making. The 
skin resistance is due to the tangential forces between the surface 
of the body and the layer of water with which it is in contact 
producing in the water a forward motion, so that the form is 
accompanied by a comparatively thin layer of water, the forward 
velocity of which increases with the length of the surface. 

The nature of this surface resistance is but little known. The 
frictional belt formed was found by Hele Shaw to consist of a thin 
film having straight line flow in contact with the body and sinuouB 
motion outside of this film. To what extent this may be true 
for a ship is not known. His experiments indicate that neither 
air nor lubrication of any kind admitted to the siirface had mucb 
effect upon the phenomena. 

Professor Ahlbom has experimented with plain planks and 
found that increase of velocity did not increase the thickness of 
this belt, but only the accelerations of the particles inside it. He 
has also shown that the thickness of the frictional belt increases 
but slowly with length of surface, particularly with a very smooth 
plank. This belt of water is being continually renewed at the 
forward end and left behind at the after end in what is known as 
the frictional wake — i.e., a following ciurent of fairly uniform 
width, flanked by innumerable eddying whirls where the following 
current is in contact with the still water. 
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§ 10. — ^The amount of energy dissipated in this way by a flat 
and smooth surface has been investigated by Mr. W. Froude, 
Herr Gebers and the Froude Tank. Mr. Fronde's experiments 
were made with thin planks of a uniform depth of 21 inches, 
varying in length up to 50 feet and in speed up to 800 feet per 
minute. The planks were towed through the water and the 
resistance recorded in much the same manner as is described later 
for ship models. Every care was taken to eliminate air, wave, 
and eddy resistance, so that the results may be taken as giving 
pure frictional resistance. He found the resistance to be given 
by a formula of the form 

R^fxAxV\ 
where 

R is the resistance in lbs., 

A is the area in square feet, 

V is the speed in feet per second, 

/ and n are constants, depending on the length and nature of 
the surface, and are given in Table 1, for fresh water. 

Herr Geber's results were somewhat less, being generally 
4^ per cent, lower, but his experiments were made under slightly 
different conditions, the top edge being awash and not immersed 
as in Fronde's work. McEntee states that results which agree 
with Geber's have been obtained with 10 and 20-foot planks at 
Washington. The planks differed from Geber's in having the 
ends cut away at 30 degrees to the horizontal. 

Skin friction experiments have been made at the Froude 
Tank with planks varying from 3 to 16 feet in length and at speeds 
op to 11 '5 knots. The results agree over a large range of speed 
with those of W. Froude. 

In order that the results obtained with planks may be used to 
estimate the frictional resistance of a ship's surface it is necessary 
to extend them — 

(a) to any length up to 800 or 900 feet ; 

(6) to speeds more than four times the highest speed of the 
experiments ; 

(c) from a plane surface to the surface of a solid. 

2 
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§ 11. — ^Eztendon to Longer Lengths and Speeds. — ^Mr. Froude, 
in the analysis of his experiment data, adopted the index law 
already given. This is a purely empirical one, but ease of applica- 
tion rendered it acceptable, and by a conjectural gradation of the 
coefficients it could be extended to cover any length and speed. 
In passing from 20 to 50-foot lengths the value of " n " shows no 
appreciable change (see Table 1) and was taken to be constant 
for all lengths above 50 feet. The assumption of practically 
Gonst-ant '' n " for frictional loss at high speeds is supported by 
Dr. Stanton's results with water in a pipe ^ inch in diameter. 
The value of "n" in these experiments remained the same 
(1"775) throughout a velocity range of 3-0 to 100 feet per second. 
The "/" value for long lengths was then obtained by assuming 
that the frictional coefficient of the first 50 feet is the same as 
that of a 50-foot plank, regardless of the ship's length, and that 
the remainder of the length has the same frictional coefficient as 
the last foot of the 50-foot plank. Mr. B. E. Froude finds that 
with models, both the "/" and "n" values may be regarded 
as substantially the same for either paraffin or varnish surface, 
the latter being taken as 1*825, which thus enables ship results 
to be estimated from the model results with comparative ease. 
The values of "/" obtained in this way corrected for salt water 
are given in the following table : — 



«f 



Table 2. 

/ " values for salt water in the formula S =fA V^'^^, where 

ii=f notional resistance in lbs. ; 
F=8peed in knots ; 
^= wetted surface in square feet. 



Length 
in Feet: 


50 


76 


100 


200 


300 
•0089 


400 


600 


700 


900 


/. 


•0006 


•00935 


•0092 


•00898 


•00883 

1 


•00877 


•008G8 


•0080 



VL\ VL 
jb is a function of the variable ( m? — ) or — j 
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A more correct method of extension to high speeds and lengths 
is based upon the necessary conditions which must hold for 
dynamic similarity of flow in an incompressible fluid. A study 
of these conditions led to the enunciation by Lord Bayleigh 
of the following formula for frictional resistance of any body of 
any size and for all speeds : — 

The frictional resistance per square footi ^ , ^,., 
of any surface m any flmd • • • J ^ 

where 

w is the density of the fluid, 

(«f) 

L being the length or measure of dimensions, 
fi the coefficient of viscosity of the fluid. 

If = — = kinematic viscosity of the fluid, 

R 

The value of — ^ should be the same for all planks similar in 

dimensions and in surface roughness no matter what their length, 
at the same value of — . 

An analysis on these lines, of existing data for smooth planks 
has been made, and shows good agreement over all but extremely 
low values of VL. As the result of this analysis, the full line 
given in Fig. 50 can be taken as correctly defining the frictional 
resistance of a smooth surface. This line is perfectly straight at 
its upper end, and the production beyond experiment limits to 
reach ship conditions is not a great one. This straightness of a 
log curve indicates a constant '^ n " value for ship conditions as 
assumed by Froude, but its value is found to be 1-86 vice 1*825 
taken by Mr. R. E. Froude. 

Extended in this way, the frictional resistance of a long smooth 
surface in water can be calculated from the constants given in 
Table 3. 
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"/ " values for salt water in the formula R=fA V^'^ for a perfectly 
smooth flat surface (Froude Tank analysis). 

iZ=frictional resistance in lbs. ; 

F=speed in knots ; 

^= wetted surface in square feet. 



Length 
in feet: 


100 


200 


300 


400 


600 


600 


700 


/ . 


-ooses 


•00785 


•00742 


•00714 


•00691 


•00676 


•0006 



for percentage additions due to plate edges, butts, and fulness of 
form, see §§ 12 and 14, and Tables 4 and 5. 

This method of extension has the great advantage of enabling 
resistance of airships to be calculated from results in water, as 
the log curve of Fig. 50 can be used for air resistance, provided 
proper account is taken of the density and kinematic viscosity of air. 

§ 12. Extension to a Solid Sorfaoe.— In using the data of 
Tables 1 and 2, it has been usual to assume that the values of 
"/" and "nr" derived from the plank results are true for the 
curved and twisted surface of a ship. From a reference to 
Chapter 11. it may be seen that this cannot be strictly true. 
Along the greater part of the side of the ship there is a general 
excess of speed due to the stream line action, and a corresponding 
defect of speed towards each end. In order, therefore, to obtain 
from plank results a correct estimate of the skin resistance of a 
ship, the calculation should be made using a speed slightly greater 
than that for which the estimate is required. ^ Experiments with 
models at the slowest practical speeds generally give a resistance 
exceeding that deduced from results for a plank of ^the same 
length and area by an amount varying from 4 to 14 per cent., 
as given in Table 4. 'Although some portion of this excess is 
due to wave-making — ^as even at these low speeds some wave- 
making exists — ^there is a strong probabiUty that a large portion 
of it is due to the estimate of friction being below the truth for 
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the reason already given. An analysis of the stream velocities 
for the forms given in § 6 shows, that the mean velocity of the 
stream past the form exceeds the uniform velocity of the stream 
by the percentages given in Table 4. These apply to a very thin 
layer in contact with the form, and would be somewhat lower if 
taken over a thick layer, such as the frictional belt of any ship. 
The similarity of these figures and those given for the models, 
gives good reason for increasing the velocity in making an estimate, 
the increase depending on the fulness of the form. That this 
excess velocity is obtained in practice is demonstrated by the 
fact that models when being towed sink bodily in space, and this 
sinkage is known to be realised in the ship. Increase in stream 
velocity means reduction of pressure and therefore loss of support 
to the ship, which is recovered by sinkage. 

Bankine proposed to take account of this increase of velocity 
amidships by using in place of the true wetted surface an 
" augmented surface." This was intended to represent the plane 
area, which when moving at the same velocity would have the 
same frictional resistance as the ship, i.e., it exceeded the actual 
wetted surface by an amount dependent upon the obUquity and* 
change in velocity of the stream lines against the ship. Since 
the level lines and diagonals of the ship are not unUke trochoidal 
curves, Bankine chose such a curve to obtain the value of this 
augmented surface. In this case he found that approximately 

r •zr'^) = (/ + 4»in.», ("74"') (s^p) 

where is the greatest obUquity of the trochoidal curve to the 
fore and aft line, or the mean obliquity of the level lines of a ship. 
This augmented surface was proposed by Bankine for calculating 
the indicated horse-power. The formula, however, is not accurate 
for forms with much parallel body or large mid-sec area, and in 
any case the method does not take account of the variation in 
the proportion of wave to frictional resistance, which may be 
considerable. Mainly for these reasons it has never been largely 
used, but the formula serves to show that, so far as frictional 
resistance is concerned, increase in fulness carries with it a slight 
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increase in mean rubbing velocity between the streams and the 

ship, which can be approximately allowed for on the frictional 

/ ^resistance, by assuming either an increase in velocity or an increase 

1 in wetted surface in making the calculations from plank results. 

Table 4. 
Increase of Skin Friction due to Form. 



Form. 


A 


B 


C 


D 


E 


• 

1 


• 


Si 
§1 


Cargo 
Boat. 


• 

1 












•76 


& 


CO 


6t 


•77 


Q 




•50 


•55 


•65 


•72 


•67 


•6 


•71 


58 


Mean increase of F* of 






















byer in contact with 


• 




















■tieam form 


•128 


•160 


•185 


•193 


•225 












Mean ezoeas of mearaied 






















Rsistanoe OTer skin 






















nnstanoe calculated 






















from Tank zeeolta 












•08 
to 
•12 


•08 


•08 
to 
•12 


•10 
to 
•14 


•04 
to 
•08 



^ For a form of this type with 3 dimensional flow this value reduces to -06. 

As a check upon the figures given in the table experiments have 
been made with a given form in both air and water. The model 
tested in the water was 16 feet in length. The form had fine 
ends, and at low speeds wave-making was practically absent. 
At these speeds the resistance was found to be 10 per cent, higher 
than that for a plank of equal length and area deduced from 
Froode^s results. This result was obtained with paraffin, varnish, 
and red-lead surfaces. The model tested in air was 3 feet long, 
made symmetrical about the water plane, so that each half 
represented the under-water body of the ship. This compelled 
the streams at the load water plane to remain in that plane, 
wave-making being eliminated. But at low speeds in the water 
the stream lines are not appreciably affected by the wave-making, 
and the air model results should apply without correction to the 
water model. When the results were reduced to the equivalent 
speed and resistance for the 16-foot model m water, they were 
found to be 1 per cent, lower in value than the resistance 
found by actual experiment with this model. This agreement 
between the two results, and the general likeness of the experimental 
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and theoretical results given in the preceding table, show that the 
form affects the skin resistance, and that the skin resistance is 
greater than that for a plank surface of equal length and area. 

§ IS. Power absorbed by Skin Friotion. — By Froude's method 
powers can be estimated from the data of Table 2. Considering 
a ship 300 feet in length, the resistance R due to skin friction is 

R^= -OOSOSP-s^BIbs. 

and E.H.P. due to skin friction 

= iJ, F ^ji = -0000273 SF2-825 ... (a) 

S being calculated from either of the formulsB given in § 15. 
In terms of Froude's constants this formula becomes 

H.P. = •OOOsQ^'Fz-s^s. 

The constant varies slightly with length owing to the variation 
of "/"in Table 2. 

The above formula is usually assumed to include all effects due 
to form, plate^butts and edges, but not fouling of any kind. 

If the power is estimated from the data of Table 3 it is necessary 
to make additions to allow for (1) the roughness due to plate 
landings and butts, and (2) for the effect of the fulness of the form. 
The first is dealt with in detail in § 14 and percentage values and 
the basis on which these rest are given in Table 6. The form 
effect cannot exceed the maximum values given in Table 4, and in 
the case of the battleship, destroyer and cargo passenger ship, 
the minimum values there given are probably very close to the 
truth, but accurate information on the point is not available. Con- 
sidering a ship of 300 feet in length as before, the E.H.P. due to skin 

friction (see Table 3) = 00742 (-^^) SV^^. To which must be 

added some 6 per cent, for plate landing and butt effect giving 

E.H.P. = 0000242 SF* » (6) 

This contains no allowance for " form " effect which would vary 
from 4 to 14 per cent, according to the type of ship, but it is 
considered wiser at present to deal with resistance of this character 
as if it were " residuary " and to group it in the allowance for 
residuary resistance. 
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Assumng this is done, the powers estimated from formula (6) 
(with constant according to ship length and plating) are less than 
those from formula (a), the difference increasing from practically 
nil for vessels of 200 feet to about 10 per cent, for 700-foot vessels. 
The percentage of the total power which is required to overcome 
the skin friction, is given for a number of vessels in Table 6, 
Although there is a slight decrease in the percentage when the 
skin friction is calculated from Table 3 (or formula (6) ) it is not 
sufficient in long vessels to compensate for the lower estimate of 
power due to skin friction alone, and effective horse-power obtained 
by this method will be somewhat lower in such cases than if 
Froude's method (formula (a) and Table 2) had been used. 

§ 14. Roughness of Surfaoe. — ^This may take the form of 
either plate butts and edges, rough paint, or fouling. 

Experiments were made at the Froude Tank with two models, 

one fine, the other full in form, to determine the effect of plate 

landings and butts on the resistance. The results of these tests 

are given in Table 6. 

Table 6. 

Effect of Lapped Butts and Landings on Resistance. 



Model. 


Prismatic 
Coefficient. 


Percentage increase in Frictional Resistance 
over that of Smooth Model. 


Fine fonn with low mid- 
see. ooeffioient. 


•63 


Plate landings only . 3-7 
Plate landings and butts . 10*3 


Full fonn, having 50 per 
cent, parallel middle 
body. 


•82 


Plate landings and butts 

With flush laps and butts for 
Ith the length from the 
bow, lapped butts, etc., 
aft this. 


80 at low 
to 12-0 at 
high speeds 

4*8 at low to 
- 7 -2 at high 
speeds. 



The plates on the model represented 4:-feet strakes of f-inch 
plating for a 400-foot ship, the lap of the plate being always 
towards the stem. This gave an increase of wetted surface due 
to the landings of 1'5 to 2*0 per cent., which accounts for about 
one-half the increase due to landings only. It will be noticed 
that the use of flush butts and laps at the fore end, reduced the 
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ezoees resistance from 8-0 to 4*8 per cent. It is very difficult to 
state to what extent these excess resistances will be repeated in 
the ship. The plates in the model were " similar " to those on a 
diip and although the law of resistance is not necessarily the same 
for a rough surface as for a smooth one, there is sound theory for 
supposing that if the value of '' n " in the preceding resistance 
formula is the same for a wide range of ship speed and length, 
then this increase will be approximately the same in ship as in 
model, and with thinner plating or wider spaced butts it will be 
proportionately less. Only full scale tests would definitely decide 
the point. 

The constants for skin friction given in Tables 1 to 3 are for a 
smooth varnish surface. Froude found that any of the usual 
ship's *^ compositions " which had the same type of surface gave 
the same result on his planks, and a series of experiments made 
at Teddington on two different models (one of fine and the other 
of full form) gave the same result. It may be generally assumed 
that so long as a ship's paint is smooth it will have about the same 
frictional value. 

But all paints do not have the same anti-fouling properties, 
or rather they have not the same capacity for retaining a smooth 
surface. The priming and protective coats as well as the anti- 
fouling should dry and harden quickly, and the last coat should 
be free from grittiness or hard lumps. A paint which has good 
anti-fouling properties but peels off when exposed to air and water 
is not good. On the other hand, ever such a smooth paint which 
is deficient in anti-fouling properties is bad except as a possible 
protective to the hull. 

Grit in a paint, even though it is covered by a final coat of 
paint, if it feels rough to the hand increases the resistance percep- 
tibly. A test on a ship model showed the increase to be 7 to 
14 per cent.— due to the presence of a very little fine grit consisting 
of exceedingly fine pieces of metaUic copper — and although on 
the ship the effect of the same roughness would be much smaller, 
it would always be present, particularly when the particles of 
grit became exposed. Froude tested a number of planks which 
wero uniformly roughened with either calico, fine, medium, or 
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iiilt to define the effect of any degree of fouling, it is fairly 
lin that any perceptible growth of weed is causing a noticeable 
^ase of the resistance. 

15. Calculation of Immersed or Wetted Area. — ^A very fair 
late of the wetted area of a ship may be obtained by 
curing the half -girths from keel to the load-line on the body 
, integrating by means of Simpson's rules, and adding 1 per 
. to allow for the curvature of the surface. A more acciu*ate 
iod is to increase the half -girths at each station to allow for 





Fig. 6. 

iciean inclination of the surface at that station and to integrate 

© modified half -girths as before, no allowance being made in 

case for curvature of surface. 

lis modified girth is obtained as follows : — 

i Fig. 6, which represents the body and half -breadth plan of 

ip, the length of plating per foot run along any diagonal y 

reen stations 5 and 7 is given by ?„ where is the inclina- 

° '^ cos d 

of the diagonal line to the longitudinal axis of the ship. If 
3 the wetted girth of station 6, and (cos 9)^ the mean value 
>s for all the diagonal planes at this station, 0^{&eo 6)^ is the 
al area of plating per foot rim at station 6. 
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Sec is given by 



and 



sec 0= Vl+ tan ^0. 



, ^ area section 7— area section 5 * 
tan = : ^i — 7^ . * 



These areas of sections are known from the displacement calcula- 
tion, or can be obtained by planimeter. 

The work is done in tabular form as follows : — 



Sta- 
tion 
Num- 
ber. 


Area 
of 
Sec- 
tion. 

A, 

Ae 
A, 


DiflFerence 
of Areas. 


(Tan fl)^. 


(Sec 0)^. 


Girth. 


Modified 
Girth. 


S.M. 

h 
2 


Product for 
Wetted ' 
Area. 


5 

6 

7 


Ae-A, 

Ai-Ai 
As — Aa 


At-As 
2hOe 


— 


0, 


O^eoe 


2(7«Bec9 


Vl+tan-'tf- 



Formula for Wetted Area, — Where time or circumstances do not 
permit of the wetted area being calculated in the manner described ' 
above, one of the following formula can be used. 

Denny's Formula (Wetted Surface) : 

8=L(V7D+^B) ; 
Froude's Formula (Wetted Surface) : 



5=(A35)l(3-4+^^,); 



or 



8=L{2'0D+^B). 

The former are applicable to fine vessels of ordinary form ; the 
latter is more accurate for large block values or for extreme forms 
such as shallow draft vessels. 



* Since tan ^=ot ^^d the mean value of tan 3 at section 6 is the mean 
value of all the normals between sections 5 and 7» «.«., 

( difference o f areas o f the se sections X 
?. » npSQi of Becti^n~6 / 




View looking up from the Keel, 
Via. 7.— Eddj-niAkiiig at 3t«rn of Full Model (see i 16). 



CHAPTER IV 

EDDY-MAKINa 

tCii— It has already been stated that the frictional character 

water affects the resistance by the production of eddies, 
eddy-making may be set up in other ways than by the 
am of the surface of the ship and the water, and the main cause 
loh eddy-making is abrupt change of form, either as a too 

1 change in shape or as a blunt end to any under-water 
ire such as shaft brackets, rudder, etc. The loss due to the 
ge of form is very insidious. As the ship passes through the 
r, the pressure at every point in the water is continually 
ging. The greater the rate of change of pressure at any point 
more sensitive becomes the stream line motion, and in a 
tonal fluid such as water. the more liable is it to break into 
m at these parts. 

t Idhe after-body of the ship tlie streams near the form flow 
a region of increasing pressure, causing a consequent drop in 
sity of the particles. But if for any reason the particles are 
lie to give up sufQcient energy of motion to balance the 
laUd in pressure, they will break away from stream line motion 
Bet up eddies or whirls. Even in a perfect fluid such eddies 
XMSsible, and in a viscous fluid such as water there is a much 

ft 

ter liability to it owing to the frictional action of the ship's 
uje. When such eddies are formed they are lost in the 
funding fluid, being left behind as the form advances, and 
e is a continual drain of energy necessary to create the 
ulent stream formed at such parts. This eddy-making is 
5 liable to occur wherever the curvature of the surface is 
iging quickly, and it is necessary to see that at such places as 
1 Fig. 6, where the U-shaped bow and stem sections are 
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merged into the squarer midship section, it is done gradually, 
and the bilge turn should be kept as easy as possible in the 
sections to avoid the rapid opening out of the stream lines indicated 
on this diagram, particularly in the after-body. 

The energy lost in each whirling eddy thrown oflF will vary as 
the square of the whirling velocity, but the rate at which energy 
is lost will depend not only upon this, but also upon the size of 
the eddies and the rate at which they are shed. With regard to 
the latter we have no information. General consideration leads 
to the conclusion that the area of eddy-making will increase witii 
velocity. The point of departure of the stream line from the 
form will probably be where the rate of pressure change is a more 
or less fixed amount, and will therefore tend to advance along the 
form in the direction of motion as the velocity increases. No law 
can, however, be obtained from such general reasoning, and to 
obtain one we must have recourse to experiment. 

Experiments have been made in order to detect this eddy- 
making with two models A and B having 60 per cent, and 30 per 
cent, respectively of parallel body in their length, and a prismatic 
coeflScient of run equal to -638. There were approximately two 
and a half beams in the length of run of model A, which was 
shaped so that a stream line (which is in a diagonal plane, approxi- 
mately), if it follows the form, must have a maximum angle of 
22 degrees to the fore and aft-line. For the form B with longer 
run this angle was reduced to 16' 5 degrees. The models were 
made so that the top-half resembled the bottom, and both halves 
were similar to the under-water portion of a ship up to its load- 
line. This confined the load-line stream to a plane, and when 
the model was deeply submerged wave-making was absent. 
But wave-making does not affect eddy-making to any great 
extent so far as we know, and it may be assumed that what- 
ever is present under these conditions will be present when the 
form has a free surface. Both models were totally immersed in 
water contained in a long glass channel, with their keel lines 
parallel to the length of the channel. . They were coated with 
condensed milk and the water allowed to flow past them at a 
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uniform velocity until the sides had been cleared by the water. 
Where the relative velocity was small, the milk remained behind, 
and the milkiness of the water at these parts enabled the extent 
of any eddies formed to be easily seen. Very emphatic eddy- 
making was found with form A, and Fig. 7 shows its extent. 
With form B there was practically no eddying except a slight 
amount near the water line plane. Resistance experiments with 
larger and exactly similar models showed that the resistance per 
ton was much greater for form A than for form B. But tests 
with other models showed that if the length of run was made 
greater than in B (by reduction of the parallel body) very little 
was gained by it. Further, an increase in the prismatic coeflScicnt 
of the run from -638 in model B to '70, other things remaining the 
same as they were, caused a slight increase in resistance per ton 
at all speeds, and seemed to indicate that slight eddy-making was 
present with the fuller nm. It seems probable, therefore, that 
in form B the lines are as angular as it is safe to make them if 
eddies are to be avoided. 

A large number of similar experiments have been made at the 
National Physical Laboratory with balloon-shaped models having 
various endings. Eddy-making occurred at the rear of many of 
these, and the point at which these eddies commenced to form 
was found in almost every case to be where the tangent to the 
form was inclined at an angle of from 16 to 18 degrees to the axis 
of the form. This gives considerable support to what has been 
stated above relative to the formation of eddies behind ship- 
shaped forms, and leaves little doubt as to their cause. 

This eddying at the stern of the ship has a threefold eflFect upon 
the general performance of the vessel. 
(o) It adds very considerably to the tow rope resistance at all 

k speeds. 

(6) The majority of ships liable to this defect are slow singlc- 
Bcrew ships, and if such eddies are formed the propeller must 
necessarily work in water which, over a portion of the disc area 
is in violent turbulent motion. No propeller can work efficiently 

i under these conditions, and there is a consequent loss of energy 

d2 
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due to the inefficient propeller action, which is cumulative to that 
under heading (a). 

(c) The stability of the motion is affected if the eddjdng is on a 
large scale. As the eddies break away on one side or the other 
unbalanced forces are brought into play, and the helmsman finds 
it very difficult to keep the ship on her course. 

§ 17. — ^The second possible cause of eddy-making is what is 
sometimes called '* head resistance/' due to such features as bilge 
keels, shaft and shaft brackets, rudders, etc. Most of these 
features, and particularly the bilge keel, are partially shrouded 
in the frictional belt of the ship, but those parts which project 
beyond this belt, such as shaft tube webs and brackets, should 
as far as possible lie in planes parallel to the stream line motion 
in their neighbourhood. If this is arranged the extra resistance 
due to them is merely frictional. But for some features, such as 
screw shafts in twin or multiple screw ships, this is impossible, 
and the added resistance due to the \^ater sweeping diagonally 
across the shafts must be accepted. 

There is not much difficulty in placing a bilge keel along the 
amidship portion of a ship so that it does not develop head resist- 
ance. At the ends where the form is changing more caxe is 
required. A study of the stream lines in Fig. 5 will give a good 
general idea of the direction the keel should take. These practical 
details will be considered later, only general considerations of the 
cause of head resistance being taken at present. 

The head resistance due to a badly-placed keel plate may be 
judged from the following facts. The pressure on a plate inclined 
at an angle a (degrees) to its line of motion is given by — 

and the power dissipated by 

PFiX lOlj — oMmhAa.V « 
33000 ■" ""^"^^^^►'i 

provided a is small, as it would be in the case of a bilge keel. 
A is the area of one side of the two keels in square feet. 
Vi is the velocity of the water past them in knots. For 
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ordinary depths of keels this may be taken as -5 F for long full 
ships, and -6 V for short high-speed vessels, V being the ship's* 
speed. 

i is a constant which for a short deep plate'^ is '2, and for a long 
shallow plate f varies from -06 for angles up to 13 degrees to '11 
for angles from 20 to 37 degrees. 

The effective horse-power lost through placing a pair of bilge 
keels of area 400 square feet at a mean angle of 2-5^ from the best 
position becomes at 20 knots 

power=-06x 400x 2'^(20)'X ^^J^^X (•5)«= 183. 

Allowing a propulsive coefficient of '5 this means a wastage of 
366 horse-power at the engine. 

The head resistance on and the power consumed by the blunt 
ends of a shaft bracket arm or rudder can be calculated in the 
same way, using a " if value of 3*2, and taking a as unity. 

The extent and formation of eddies behind any such items 
depends upon the inclination of the plate to its line of motion. 
Ahlbom has shown by means of photographs that for angles 
below about 30 degrees (for a rectangular plate) there is only one 
main eddy system behind the plate, b.ut for angles above 42 
degrees there are two main whirls. The approximate formula 
given above is for small angles when only one main whirl exists, 
and holds for angles up to 13 degrees for a deep short plate and 
37 degrees for a shallow long plate. 

* Ratio of vertical axis to horizontal axis, 4 to I. 
t Batio of vertical axis to horizontal axis, 1 to 3. 



CHAPTER V 

WAVES AND WAVE-MAKING 

§ 18. Deep Water Waves. — In its entirety, this subject of wave 
genesis and propagation is a very complex one, demanding a 
mathematical knowledge of a very high order. The naval 
architect is, however, concerned mainly with the underlying 
principles, and these are comparatively simple. In giving them, 
the endeavour has been to make them intelligible rather than to 
give the complete treatment on which any conclusions or formula 
are based. 

The most important wave is that propagated in deep and un- 
limited water, sometimes called an ocean wave. The commonly 
accepted theory of its propagation, after creation, is that known 
as the trochoidal theory. In this it is assumed : — 

1 . That the profile of an ocean wave is a trochoid, an assumption 
which is not far from the truth. A trochoid can be drawn in the 
following way : — A small hole is made at a radius r from the centre 
of a circular disc of radius R (Fig. 8). This disc is then laid on a 
flat sheet of paper with its circumference against a straight edge 
and rolled along it. As this is done a pencil point in the small 
hole will describe a wavy curve or trochoid on the paper. This 
curve will be more peaked in character the nearer the pencil hole 
is placed to the circumference of the rolling disc. When the disc 
has travelled a distance 2ttR the curve will begin to repeat itself, 
and this distance is called the length of the wave or trochoid and 
2 X r is its height. 

2. That each particle of water as the wave passes describes a 
circle in the vertical plane with imiform speed, each particle, no 
matter what its depth, making one revolution during the passage 
of a wave. The method of propagation of a wave can be seen 
from Fig. 8, in which the arrow heads indicate the direction 
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of motion of the particles and the long arrow the direction of 
advance of the trochoidal wave. The particles a, b, c, d, e, on the 
surface trochoid each turn about a centre fixed in space, and in 
unit time take up positions a^, 6^^, Cj^, di^ e^, and the dotted line 
through these points is the new position of the wave. It will be 
noticed that for such a wave the particles at the wave crest are 
moving in the direction of advance of the wave, and in the hollow 
they are moving in the opposite direction. 

Table 7. 



Wave Period 


Length 
(Feet). 


Speed of Advance. 


(Seconds). 


Feet per Second. 


Knots. 


10 


512 


512 


808 


20 


20-49 


10-24 


607 


80 


4611 


15-87 


91 


40 


81-97 


20-49 


12-14 


50 


12808 


25-62 


1517 


60 


184-44 


80-74 


18-21 


7 


251 04 


85-86 


21-24 


80 


827-9 


40-99 


24-28 


90 


415-0 


4611 


27-81 


100 


512-3 


51-28 


80-85 


110 


619-9 


56-86 


88-88 


120 


787-8 


61-5 


86-42 


180 


865-8 


66-6 


89-45 


140 


1,004-2 


71-78 


42-5 



As the surface of the wave is exposed to the atmosphere it must 
be a surface of constant pressure, and for this to hold with the 
above assumptions, the resultant of the gravitational force and the 
centrifugal force acting on each surface particle must always be 
normal to the wave surface. This gives the foUowing relation 
between the velocity of advance, the wave length and wave 
period : — 



F«=£(i)=5123xL . 

T«=— X(L)=195L . 
g 



(1) 
(2) 



(see Table 7), 
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where 

V is the velocity in feet per second ; 
L is the wave length from crest to crest in feet ; 
T is the period in seconds, i.e. the time occupied by the wave 
in passing a fixed point. 

The speed of a trochoidal wave is therefore dependent upon its 
\ength and is quite independent of its height, a most important 
fact in ship propulsion. 

As by the initial assumptions the sub-surface particles move in 
precisely the same manner as the surface particles, it follows that 

lines of constant pressure, which before the passage of the wave 

were horizontal, as the wave passes will become trochoids having 

the same period and wave length as the surface particles, but 

different heights. 
From the geometry of such a system of trochoidal lines can be 

obtained the following formula : — 

h^=h€^T (3) 

y-i'^L (*) 

where 
^ is the wave height at the surface measured from crest to 

hollow ; 
hi the height of any sub-surface trochoid ; 
d the depth of the sub-surface below the mid-height of the 

surface trochoid ; 
y the distance between the mid-height of the suiface trochoid 
and the surface of the water if the wave subsided. 

The movement therefore decreases in geometrical progression 
at points whose depth below the surface varies in arithmetical 
progression, and at a depth equal to ^L the movement is only 
4 per cent, of that at the surface. 

From these equations can be found the potential energy (Ep) 
of the whole wave, i.e. the energy due to the water being slightly 
elevated above its still level. 
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all dimensions being in feet and w being the weight of water per 
cubic foot. 

The latter term can be neglected for all ordinary waves, and 
the equation for salt water becomes 

Ep=4Jjh^ foot-pounds ... (6) 

The energy represented by the circular motion of the particles 
throughout the fluid is equal to the energy of position, and the 
total energy in the wave (E) is given by 

^=8LA2 foot-pounds . . . (7) 
per foot breadth of the wave measured along the crest line. 

§ 19. Group Velocity. — ^Considering the conditions under which 
a group of such trochoidal waves can be propagated along the 
water surface, it is evident that as any wave travels along it miist 
take with it that amount of energy which is necessary for ite 
formation. But any particle of water in the wave system 
although moving in a circle does so with uniform velocity, so that 
its kinetic energy is the same at every instant during the passage 
of the wave. As the pressure also remains constant the only 
means by which such energy can be transmitted is by the potentiflJ 
energy of the particle as it rises and falls in its circular orbit. 
This energy is not stored up in the particle, but as every wave 
passes must be freshly acquired. As a single wave travels front* 
end to end of the group, it finds water having the necessary 
circular motion, but if it is to travel without deformation the 
energy to raise the water particles above their still water positions 
must be transmitted with the wave, and this energy represents 
one half that of a wave. In other words, when each wave has 
moved forward one wave length, the energy of the group has 
moved forward half a wave length. 

The front of a procession of waves entering undisturbed water, 
since it is only supplied from the rear with sufficient energy for 
its potential requirements, will rapidly decay unless an amount 
of energy equal to the kinetic energy of the wave (i.6., the energy 
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due to the circular motion) is supplied from some foreign source. 

A ship which is making waves must supply this energy to the 

waves, and this dispersal of energy is one of the important items 

in a ship's total resistance. 

Combination of Wave Systems. — ^If two systems of waves having 

the same velocity and length, and of amplitudes h^ and %2> travel 
in the same direction, with their crests distant from each other 
an amount d, the two will combine to form one uniform series 
of the same velocity and length, but an amplitude A3, given by 

h^=hi'{-h^+2hjh2C08.-'j^ . . . (8) 
Since the energy of the resultant system varies with 

it can be seen this will vary with change in " d " value about a 
mean value depending on — 

the amplitude of the oscillation being 

2LhJi2 

This first term is merely the sum of the energies of the two 
systems taken separately, and by combining the systems with 
varying phase value d the energy of the group formed can be 
Diade greater or smaller than the total energy of the two taken 
separately — a point of great importance. 

§ 20. Wave Generation. — ^The preceding theory assumes the 

existence of the waves and ignores the mode of generation, which, 

however, plays an important part in the question, when we come 

to deal with waves thrown oflF by a ship. It has already been 

shown that to create a procession of waves energy must be given 

to the front of the procession, and in the case of a ship this energy 

is obtained from the pressure changes produced in the water by 

the passage of the ship. Broadly speaking, these pressure changes 

are similar to those obtained by the consideration of a submerged 

form, and it may be assumed that so far as wave-making is con- 
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cemed a ship is similar to a travelling pressure disturbance of th( 
character shown by Fig. 3, except in so far as this may be alterec 
by the wave motion itself. 

By supposing that the pressure areas P of Fig. 3 are concen- 
trated at points at each end, Lord Kelvin in a deeply mathematical 
paper * has shown that each travelling point of pressure will 
generate a system of waves as shown in Fig. 9, i.6., a series of 
transverse and slightly curved waves and the familiar oblique 




PrtMMure 
Point ,,' 



Fig. 9. — Wave Pattern produced by Travelling Point of Pressure. 

waves with their outer ends terminating along a line inclined a 
19°-46 to the path of the travelling point. When at som- 
distance to the rear, the height of the transverse waves decrease 
inversely as the square root of the distance from the poini 
Although in a ship there is no such thing as a point of concentratei 
pressure, it is reasonable to suppose that if the pressure i 
dispersed over a small area the eflFect will be practically the same 
and the solution then bears a closer resemblance to the ship. 
One other interesting form of pressure disturbance has bee 

♦ '* Mathematical and Physical Papers, ' Vol. IV. 



WAVES AND WAVE MAKING 46 

treated mathematically, viz., the case of a disturbance of un- 
limited extent transversely and of the character of the curve for 
form C in Fig. 3. It has been shown that each crest of pressure 
will create a series of transverse waves, and that the resultant 
system will depend upon the distance apart of the pressure humps. 
It is also worthy of notice that in such a case, the wave height 
at high speeds decreases with increase in speed, imless the pressure 
disturbance increases in value. 

These two theoretical cases show how the main systems of 
wayes may be created, and although a ship is not the same as 
either, it has features common to both. Thus the wave pattern 
for any ship at all speeds consists of a train of transverse waves 
and two sets of diverging waves, one emanating from a little aft 
of the stem and the other from a little before the stem post. At 
low speeds for the ship these diverging waves, particularly the 
bow set, are far more noticeable than the transverse ; but as 
speed is increased the latter become more prominent and appear 
at the side and rear of the ship as a series of waves of diminishing 
height. 

§ 21. Diverging Waves. — ^These can be seen better by studjdng 
an actual ship than by the use of illustrations, and the reader 
should form the habit of observing the wave patterns of any of 
the ferry or other steamers around the coast and should carefully 
vatch the change in wave pattern as the speed increases. 

These diverging waves trail away from the bow at all speeds. 
They are also formed at the stem ; but this system is not nearly 
w important as the bow system. When clear of the ship the 
l^hest points of the crests of such waves lie on a fairly straight 
fine inclined to the ship's middle line at an angle a in Fig. 10. 
The crest lines themselves are inclined at approximately double 
this angle. 

If F is the speed of the ship in feet per second the speed of the 
diverging waves normal to their crest lines is : — 

V X sin^S. 

The distance d between consecutive crest lines when clear 
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Vsinp 



of the ship and parallel to each other, measured normal 
crest line, is given by — 

9 

The length of the diverging waves measured alom 

crest lines, created in unit time on each side of the vessel, 

portional to 

V X cosyS, 

and if A is the height of the waves 1 
the energy required for their forma 
proportional to 

(dxA2)(Fxcos)8), 

which is equal to 

k being a constant. 

Lord Kelvin's pressure point thco 
fines all the diverging waves at all 
within two lines given by a=19°-4< 
size and fulness and speed of th 
however, aflfect these angles to some 
and in Table 8 approximate va 
P are given for various forms. 

It will be seen that generally s 
the waves are more oblique the fi 
angle of entrance and the lower the pj 
coeflScient, but the form of the hull generally has some 
This is particularly so as regards the first one or two wa^ 
the bow. A well-rounded stem will create a fan-shap 
breaker even though the angle of entrance is low. Or, ; 
little hollow in the ends of the levels near the water line a 
a much better and clearer system of bow waves than w 
obtained if the levels were straightened out.* This imprc 

"^ See, however, § 42 on Full-bowed Ships, and § 54 on 
V, Hollow Lines. 




Fig. 10. 
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in the diverging waves is accompanied by an appreciable reduction 
in resistance. 

Table 8. 

Angle of Obliquity of Diverging Waves. 



Ko. 



Type of Ship. 



1. 
2. 
3. 

4. 

5. 

6. 
7. 
8. 

9. 



Old cruiser 
Fine cruiser 
Cargo passenger 

steamer. 
Old-type J)attle- 

ship 

Battleship 

Liner 

Torpedo-boat 

Destroyer 

Motor launch 



Half Angle 
of Entranoe 
in Degrees. 



23 

9-2 
165 



20 
155 

8-5 

12-5 

90 

5-5 



Prismatic 
Coefficient. 


V 




•66 


•41 




672 (entrance 
only) 




•65 


•85 


•65 


•71 
110 


•60 1 


•69 
•89 


•66 


127 


•63 1 


•67 
21 




259 
314 



Angle of 
Obliquity 3 
in Degrees. 



36 
27 
24 



302 

34 

25 

30 

25-5 

19-5 

21 

11 

5-75 
10-5 



Flat plate 1 foot wide, \ 
skimming on water | 
at high velocities. ; 



Inclination of 

Surface to 

Horizontal 



8° — 6° 
13° 



Immersion. 



8 inches 

or less. 

15 inches 



Angle of. 
Obliquity 



70 
13° 



The effect of speed upon obliquity can be seen from numbers 5, 
6, and 8 above, but in the latter, part of the reduction is no doubt 
due to the bow rising out of the water at the higher speed, and 
only the lower and finer level lines are operating on the water. 

The flat plate results have been given, as such a plate is working 
^der much the same conditions as a skimmer, and shows the 
effect of too great an angle of bottom and too great immersion. 
Other results not given in the table show that immersion, although 
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having a moderate effect upon obliquity, is not so important as 
the angle of the bottom to the horizontal. 

§ 22. Formulas for Wave Resistance. — It has been stated in 

§ 18 that the total energy of a wave is proportional to the 

product 

length (height)*. 

A disturbance which is producing a group of such waves, in 
travelling two wave lengths, must supply the energy of one wave. 
The time occupied in travelling this distance is equal to 

2L 

L being in feet, V in feet per second. Hence the rate of dissipation 
of energy is proportional to 

T 
or to 

Professor Havelock has shown that a very wide pressure dis- 
turbance somewhat after the character of the curve C of Fig. 3 
will produce waves whose amplitudes are given by : — 

A=p€-Hv; .... (10) 

where 

P is the total pressure causing the disturbance, 
h is the height of the waves, 
V is the velocity in feet per second as above, 
Fi is a constant depending on the form. 

These waves are two-dimensional, i.e. the motion and the variation 
of pressure are the same in any plane at right angles to the wave 
crests. This is not the case in a ship, as in the latter there is a 
comparatively rapid decrease of pressure transversely. But the 
formula serves to give a general indication of the effect of a 

travelling area of pressure. 

p 

For a fully submerged body -yi would be fairly constant, and, 
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if it is assumed so for a ship on the water surface, creating waves 
whose amplitudes are given by equation 10, the rate of dissipation 
of energy becomes proportional to 

[N+Mcos^\rKr)\vxb. 

N and M being constants depending on h^ and %2 of equa- 
tion 8 ; 
6 is the breadth of wave created. 

If we assume that the transverse waves are confined within the 
envelope of the diverging waves (this being true in the case con- 
sidered by Lord Kelvin), the breadth b will vary with the angle a 
and will decrease as velocity increases. The bracketed term 
oscillates about a mean value, and the exponential term increases 
slowly at low speeds and then more rapidly as the speed is 
increased, the power curve having a point of inflection in it at 
the speed F^. 

This treatment can be extended to diverging waves, and, 
according to the assumptions made, interesting results may be 
obtained. 

A simpler formula can be obtained by considering the heights 
of the transverse and diverging waves as varjdng with the water 
pressure, which varies with F^. The same difficulty as before is 
met with, however, and some assumption must be made as to the 
relation of divergent and transverse waves. So far as the trans- 
verse waves are concerned the rate of dissipation of energy is 
proportional to 

2TTd) 



In+M cos 



bVK 



From the expression in § 21 the power required for the diverging 
waves is proportional to 

K, M, and N are constants, as before, and h is the height of the 
diverging waves. By assuming h to vary as F^ these two power 
terms can be gathered together in a comparatively simple formula. 
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It must be remembered in working with it that /8 is not indepen* 
dent of the velocity. 

These formulae, however, although giving a good idea of the 
growth of resistance due to the waves, are of no use in estimating 
work. The constants K^ M, and N depend upon the form and 
are bound to vary with any change either in shape or dimensioiis. 
If by trial and error such formulae are found which give a cur?0 
which approximates to a ship's trial results, it can only be used in 
other cases with the greatest caution, and only for ships of the 
same general type. 

§ 23. Shallow Water Waves. — ^In the case of shallow water 
waves the particles move in ellipses instead of in circles as with 
the deep water waves, and their kinetic energy changes during 
the passage of the wave form. The velocity and wave length aie 
connected by the following formula : — 

y'=hl^ (») 

where b is the vertical and a the horizontal axis of the surface 
ellipse. The group velocity is in this case somewhat greater than 
one-half the velocity of the individual waves. 

The relative value of b and a depends upon the depth of water. 
(h), and is given by 

'^=y^ (12) 

When the depth h is small compared with the wave length L the 
above reduces to 

^=?3* (13^ 

a L ^ ^ 

and the velocity of such a wave in feet per second is given by 

V^=^gXh (14> 

With V in knots, this becomes 

F2=11-28A. 
It must be carefully borne in mind that this only holds 
vided that h is small compared with L, a condition which 
seldom reached so far as the naval architect is concerned. 
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It can be shown that the diverging waves set up by a pressure 
disturbance of small dimensions travelling into shallow water 
increase in obliquity as the water gets shallower. This increase 
in obliquity begins when the velocity becomes -7 times that given 
by formula 14, and continues until this critical speed is reached. 
There is also a growth in the height of the transverse waves, 
which becomes most marked as the critical velocity is reached, 
when the wave travels at the same speed as the disturbance 
causing it, and all the wave-making is therefore concentrated in 
one large wave. 

Beyond this critical speed only diverging waves can be created, 
and the obliquity of these decreases continuously with increase 
of speed until the deep water value (19°-46) is reached, when 
tiie speed is approximately equal to 

or three times the critical velocity given by formula 14. 

This growth of the transverse waves up to a certain speed and 
the absence of them above that speed has been noticed in many 
cases when a ship has steamed into shallow water, but the effect 
of fhe shallow water upon the divergent waves has never been 
noted. 
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CHAPTER VI 

SmP MODEL EXPERIMENTS 

§ 24. — ^The tow-rope resistance and effective horse-power of a 
ship can be determined from the results of resistance experiments 
with a model of exactly similar imder-water shape. The late 
William Froude, to whom the science of naval architecture owes 
so much, was the first to demonstrate the feasibility of this, aad 
to him is due the law of comparison connecting the speeds and 
resistances of ship and model when both are creating similar wave 
and stream disturbances which differ from one another only in 
scale. Every nation of any maritime importance possesses an 
experiment tank for the determination of ship resistance from that 
of models, and, although differing in detail, the mode of experi- 
ment and method of deducing the power for the ship is in almost 
every case the same as that adopted by Mr. Froude in his tank 
which was erected at Torquay in 1870. A list of these tank 
with their principal dimensions is given in Table 9 • 

The models used are really hollow shells, occasionally made in 
wood, but usually in paraffin wax, as the latter is less costly and 
more easily varied in shape, and a model in wax can be made moie 
quickly than one in wood. They vary in length from 10 to 20 feet, 
and in thickness from 2 inches in a full form to f inch in a light, 
fine form, such as a destroyer. The reader is referred to a paper 
read before the Institution of Naval Architects in 1911 for a faD 
description of the appajratus for making these models. Briefly, 
the models, which are oast slightly larger than required, have a 
series of grooves cut in them corresponding to the ordinary level 
lines of the ship. ^ Both sides of the model are cut at the same 
time so that it shall be perfectly symmetricaL The catting 
machine consists of two tables, one to carry the model and the 
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to carry a plan of the level lines. A tracer working on the 
* table is connected to the frame carrying one of the cutters 
pantograph lever, so that the position of the cutters relative 
3 model is exactly the same as that of the tracer relative to 
vel line being cut. The wax between the grooves is removed 
Lnd afterwards. 

Table 9. 

General Dimensions of Experiment Tanks. 



Name. 


Length hav- 
ing full Depth 
of Water in 
feet. 


Breadth on 
Water Sur- 
face in feet. 


Depth of 

Water in 

feet. 


Area of 
Cross -sec- 
tion in 
square feet. 


Maximum 

Velocity in 

feet per 

second. 


1 


479 


84 


11-5 


265 


23 


bank 


400 


20 


9-5 


180 


16 


y's . 


275 


25 


10 






>urg 


1,083 
400 


26-2 
20 


210 
9 


170 


86 

(est.) 
16 


1 


450 


20 


12 


235 


20 


gan 


800 


22 


10 


200 


13 


• • 


528 


82-8 


140 


826 


15 


;au . 


289 


21-4 


11-3 


200 


16 


r's . 


420 


20-0 








a 


550 


82-8 


16-4 




24 


ington 


884 


44*6 


14-75 


418 


80 


im Froude 


494 


80 


12-5 


860 


25 



a rule the models are tested without rudder, ohafting or 
keels. This enables the relative merits of different forms to 
mpared, and eliminates any error due to the doubtful appU- 
1 of the law of comparison to the resistance of appendages, 
nodels are towed along a waterway or canal, and by means of 
tremely sensitive dynamometer the resistance is accurately 
jred for a large range of speeds. , The speed of each experi- 
is obtained in much the same way as that of a ship when 
measured mile. Along the waterway there are " posts " 
20 feet. A continuous record of time is taken on the 
im by means of a pen giving a mark every half -second, and 
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a similar mark is obtained by another pen when the model pasaea 
each of these " posts." Thus time and distance are recorded 
and so the speed may be obtained and its constatu^ can be 
checked from moment to moment. A skeleton diagram of tbs 
resistance dynamometer is shown in Fig. 11,* which largefy^ 




Fig. 11. — '^hip Model Towing Apparatus, 
explains itself. .The resistance or pull at A is taken partly by 
weights on the pan B, and partly by the elongation of the spring 8, 
this elongation being recorded on the revolving drum D. The 
dynamometer lever ACEF and the recording lever QHKL arc 
both exactly balanced, bo that their centres of gravity are on their 
hnes of suspension, and when they take up an inclined position 
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no error is introduced by any movement of their centres of 
gravity. 

§ 25. — ^As the skin friction resistance depends in part upon the 
length of model, a correction has to be made in the resistances in 
appljring them to the ship. This is done by the use of the 
results of either Froude's or later frictional experiments. This 
correction can be made in one of two ways. Both require a 
knowledge of the wetted surface of the form. In the first method 
a separate calculation is made for the frictional resistance of the 
model at various speeds, and these resistances are deducted from 
the measiired resistances of the model. The residual resistance 
found in this way varies according to Froude's law. Thus, if at 
speed V in feet per minute the residual resistance of model is 
found to be r pounds, then for a ship I times the linear size of 
model, the residual resistance at speed 

V=vVl feet per minute 

win be r X P lbs. in fresh water, since the experiments are made in 
fresh water. Or in the usual ship units, at speed 

y= iTTTo V^iii knots 
the residual resistance is =rxPx ( (50.5 v 224o ) *^^®' 

In order to get the total resistance for the ship, its frictional 
resistance must be calculated and added to the above. For this 
the wetted surface is known, being P times that of the model, and 
the resistance can be calculated using the coefficient for the 
length of ship as given in Table 2 or 8. 

The second method, which is more commonly adopted in 

experimental practice, is to calculate the difference in the value 

r R 

of -j^ and ySAi ^^^ model and ship respectively, at corresponding 

speeds v and F, where f/ and Rf are the frictional resistances at 
these speeds. This amounts to the same thing as the above, but has 
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the advantage of giving the correction for ship in a '' constant ' 
form. The above difference can be worked out for ships of seven 
lengths, and in this way correction curves can be drawn on th 

plotting of the model fc) values, and the diflFerence in ordinat 
value between these correction curves and the model fcj ciuvc 
can then be treated by the law of comparison in the usual waj 

§ 26. — ^In order that the results so obtained shall be free froi 
any doubt it is essential 

(1) that similar models made from the same set of lines sha 

always give the same result within the usual limits c 
error ; 

(2) that tests made on a full-sized ship shall agree with tb 

results of the model experiments. 

With regard to (1), tests made with three different models b 
the National Physical Laboratory, all to the same set of lines bi 
tested at different times, have differed by not more than 1| pc 
cent. A more searching test is the comparison of horse-pow< 
curves for the same ship obtained from model experiments i 
different tanks. This has been done with several models. Tl 
results obtained at Haslar and at the National Physical Laboratoi 
have agreed within IJ per cent. ; results obtained at Clydeban] 
Dumbarton, Washington, and the National Physical Laboratoi 
have all agreed within 3 per cent, throughout the practical ran; 
of speed. 

With regard to (2), several tests have been made at differei 
times with favourable results. The chief of these is the classic 
research ♦ of the late W. Froude on the Greyhound in 187 
This vessel, of dimensions — length, 172*5 feet ; beam, 33*1 fee 
displacement, 1,050 tons, was towed from the end of a 45-fo( 
spar projecting over the side of the Active, so that the bow of tl 
Greyhound was 50 feet beyond the stem of the Acti've. Th 
device was adopted in order to avoid the wake and wave effe 
of the towing ship. The speed through the water and the to\ 

• •* On Experiments with H.M.S. Greyhound,'* Trans. I. N. A., 1874 
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rope pull were both recorded. The air velocity was also measured 
in each case in order that a correction for the air resistance could 
be obtained, additional experiments being made for this purpose. 
The curve of towing force obtained in this way was then compared 
with that estimated from tank experiments with a model one- 
sixteenth the size of the ship. 

This estimate for the ship was made in the manner already 
d^cribed, using for both model and ship, frictional coefficients 
which were correct for a smooth varnished surface. The measured 
pulls on the ship were slightly in excess of those deduced from the 
model. The ship's bottom was coated with copper, which was 
not new and was probably deteriorated by age, and its frictional 
value would therefore be somewhat greater than that of a smooth 
varnished surface. In order to bring the estimated and measured 
leaistances into agreement it was found necessary to make one of 
two assumptions, viz : — 

(a) either the skin friction of the ship was 27 per cent, greater 

than that of the niodel ; or 
(6) one-third of the ship's surface had a resistance equal to that 

of calico and the remainder that of a varnished surface. 

Either of these assumptions will bring the estimated and measured 
corves into exact agreement at all speeds, and for the reasons 
gnren such an increase appears to be reasonable. 

In 1883 Mr. Yarrow published* the results of similar trials made 
with a 100-foot torpedo-boat at a displacement of 40 tons, and 
with a model of the same in the Haslar experiment tank. The 
efective horse-power estimated from the model was found to be 
3 per cent, less than the tow-rope horse-power measured on 
the vessel, which, however, carried slight bossings, shafts, and 
A-frames, not fitted to the model. This comparison was obtained 
over a speed range of 11-7 to 15'0 knots, the vessel being designed 
for 22-5 knots. 

It is worthy of note here that carefully analysed steam trial 
results show the same characteristics in the curve of resistance for 

♦ Trans. I. N. A., 1883. 
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the ship as are obtained by the model experiments. We have 
every reason, therefore, to be confident that model experiments 
are a sure guide to both the power required to drive a ship at a 
given maximum speed and the relative resistance value of different 
forms. 

Although experiment tanks exist mainly for such work as that 
just described, this is by no means their only use. The position 
of the wave surface on a ship's side is very important in the case 
of all paddle steamers, and can be accurately and quickly obtained 
by observations with a model over the desired range of speed. 
The general effect of depth of water, canal banks, and many other 
such problems may be readily investigated in a tank. 



caaAPTER vn 

DIMENSIONS AND FORM 

I 27. — ^It is proposed in this and the succeeding chapters to 
consider only the tow-rope, or, as it is more properly called, the 
effective horse-power of the ship. The relation of this to the 
indicated or shaft horse-power will be dealt with later on. This 
separation of the question of the means of producing the necessary 
thrust from the problem of how to reduce that thrust to a mini- 
miun is legitimate and proper, and renders the designer's work 
somewhat less intricate. 

Speaking broadly, a design is usually required to attain a 
certain speed with a specified load. In many cases there are 
restrictions as to draught of water, and the possible beam or 
length may occasfonally be dependent on docking or canal con- 
ditions. These considerations, although important, do not come 
within the scope of this work, and the designer must himself 
weigh the advantages in propulsion which he may gain by certain 
changes, against the possible disadvantages in other directions. 

There are so many variables involved in the form of a ship that 
to lay down a general law of resistance due to form which shall be 
Applicable to all cases is impossible. The best that can be done 

• 

^8 to consider each of these variables separately, or, where neces- 
sary, in conjunction with others, and to define the effect of varia- 
tions in them upon the ship's resistance. The results are probably 
more useful in this form than in any other, as the problem before 
the designer is generally that of settling which of several variations 
ot a parent form he shall adopt. If, as is often the case, he has a 
fair knowledge of the power required in the parent ship form, he 
;an then make a good estimate of the effect of any change intro- 
luced. 
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It may be said that generally for given displacement and len 
provided that the form is a fair one and no serious eddy-mal 
takes place, the resistance of a ship at any speed is to a very g 
extent determined by 

(a) The shape of the curve of cross-section area, including 
the longitudinal or prismatic coefficient ; 

(6) The extreme beam ; 

(c) The normal water line, particularly that of the fore 
body. 

If the length may be considered as a variable, this is larj 
dependent upon the service speed of the ship. Unfortuna 
propulsion is not always the first consideration in the mercai 
marine, but nevertheless the question of having suflScient lei 
in both entrance and run for economical running is of g 
importance. This is particularly the case for cargo-passe; 
steamers where moderate speeds have to be obtained with \ 
block coefficients. 

§ 28. — ^For all moderate and low-speed vessels there is for 
given maximum speed a certain length of entrance and of run u 
is necessary to avoid abnormal vxive-making and eddy-making n 
ance. Wave-making resistance exists at all speeds, and in 
cannot be avoided except possibly in submarines. At low sp 
it is almost entirely due to the creation of diverging w£ 
These are of short length, and with the exception of the 
breaker never of any great height, and are largely dependent i 
the form of the ship at each end near the water line. The 
not depend to any measurable extent upon the length of the i 
whether this exists in the form of parallel body, entrance, or 
At higher speeds, as transverse waves are formed, length bec( 
of greater and greater importance. 

This can be seen by reference to Fig. 12, which is a ty 

curve of resistance plotted in the form of fCj to a 

oifK) (see § 2). This curve is generally flat over a considei 
portion of its length, indicating that the resistance is vai 



DIMENSIONS AND FORM 



Gl 



le square of the velocity, 
has humps more or less 
d in character, and ends 

high velocities with a 
bend upwards. As the 
lal resistance increases 
Dwer rate than F^, this 
; increase must be due 
e-making. This receives 
x)ngest confirmation in 
pid growth in the size 
waves formed as these 
are reached. 

ve all things the designer 
) line out the form so 
t shall escape this ab- 
1 rise in resistance. The 
at which this rise begins 

with different ships, 
practically independent 
am, draft, and mid- 
section shape. If the 

is increased, keeping 
rm otherwise the same, 
ritical speed will in- 

with (length)*. For 
without parallel body 
maximum speed for 
Dy is given approxi- 
r by the formula : — 

F=1-06VX 

naturally depends some- 
upon the shape of the 
of the vessel. This 
la gives lengths slightly 
han those laid down 
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by Scott Russell, but these are known to be too long 
particularly in the entrance. With ships whose prismatic 
coefficients exceed about -SS the above formula is not very 
accurate. The wave systems created by both the bow and the 
stem of any ship depend upon the pressure disturbances produced 
in the water, and the resultant system formed by the super- 
position of the two systems will vary according to the relative 
positions of the humps and hollows in the pressure curve (see 
§ 19). It has been shown in the section on stream lines that the 
magnitude and relative positions of these humps and hollows in 
the pressure disturbance around the ship depend upon two 
things, viz. : — 

(a) the length of the ship, and 
(6) its prismatic coefficient. 

It follows therefore that the speed at which wave-making 
becomes serious will also depend upon these two factors, and 
not upon one only. 

The analysis of many ship trials and model experiments has 
shown that the speed at which good or bad interference of bow 
and stem systems takes place depends very largely upon the 
simple product : — 

length X prismatic coefficient or {PxL) 
and that the critical speed of any ship is given by :- 



V n 



The integer n takes account of the number of wave crests between 
the bow and the stem systems. When n is one, there is one wave 
crest amidships between the bow and stem systems. When n is 
two, there are two wave crests between the first crest of the bow 
wave system and the first wave crest of the stem wave system, 
and so on. 

At low speeds, when n is 4 or 3, or in the case of fine ships, 2, the 
humps in the resistance curve are generally too small to be worthy 
of notice, but with increase of speed it will be found that the value 
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. /^g will ultimately increase rapidly and this hump will 

)wed by a shorter or longer range of speed over which -^^ 

s fairly constant or may even drop. The preceding 
% gives the speeds for the flat at the top of the hump. 



REFERENCE 



TABLE 



NfoF 
Model 



PriMnmtie 



I 
2 
3 

4 



•621 
•75/ 
'827 
'846 



%iae9fPMrdk 
Bogy in length 



10 
30 
50 



Remarks 



L^7 654\ For 
° \ Forms 

^'225 ] 1.2 A3. 

4 ts a model of s barge 



15^ 



M- 



> 
^l<^ 




Flo. 13.— ••Constant" Curves for Typical Ships. 

value of n to be taken depends upon the dimensions and 

This can be seen from Fig. 13, which shows the " con- 

' curves for four typical models, all of which curves have 

lumps in them. The long, full form has a marked hump 

»t at (Pj = -7=^, and it could not be worked efficiently above 



64 SHIP FORM, RESISTANCE AND SCREW PROPULSION 
\P) = '5. The fine form number one has humps followed by £ 

at \^^77o ^^^ 1> fl-iid could be worked very efficiently 

(p)=-63. 

The designer's business is to keep clear of these humps, oi 
this- is not possible, to suppress them. The latter can be dom 
either of two ways. For vessels having little or no parallel bo 

and speeds given by (Pj^^T/nOT 1, a fine bow prismatic with 

entrance water line as long as possible is good. But for 1( 
speed vessels this involves the sacrifice of too much displaceme 
and in these the humps can be largely eliminated by the adopt 

of straight lines at the ends. This causes the value of -y^ 

increase more steadily with speed, and partially eliminates b( 
hollows and humps. The improvement at one speed, therefo 
is obtained by the sacrifice of a good result at another, anc 
designer must know the type of ship with which he is dealing 
order to avoid a bad result at the service speed. 

These humps are not important in large ships working at 
speed of 10 or 11 knots, but are important in vessels of 300 
500 feet in length running at 11 to 13 knots and above. Sv 
forms should be tank tested, but for preliminary design purpoj 
the following formulae and table give particulars from which c 
be obtained the highest speed to which any form can be push 
without working on the bad part of the resistance curve. Th( 
highest speeds are given by : — 

V=:IA5\/ PL for high-speed vessels. 

V=1'05VPL) 

F— 'RR\/pT \ ^^^ intermediates. 

It will be seen that the highest speed given agrees with that 
§ 27 when P equals -53, a figure not unusual for vessels of t! 
speed ratio. The following table gives the results for a number 
vessels, all brought to a standard length of 400 feet, and i 
mainly based upon models tested in the William Froude tank. 
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Table 10. 

jhest Economical Speeds for Vessels of a Standard Length of 

400 feet. 



DistingaUhing 


Prismatic 


Displacement. 


Length of 
entrance. 


V 


jetter of Ship. 


Coefficient. 


Tons. 


Feet. 


VPL 


• ■ • 


•548 


19,500 


^ 200 


119 










•554 


9.140 


200 


117 










•573 


7,700 


200 


142 










•582 


7,600 


208 


1*43 










•587 


10,800 


212 


113 










•588 


5,600 


200 


1-42 










•595 


4,160 


196 


147 










•601 


11,800 


206 


1-05 










•619 


5,320 


200 


114 










•620 


3,560 


186 


1-465 










•632 


16,500 


200 


1-07 










•639 


14,600 


160 


100 










•655 


9,400 


179 


•95 










•671 


8,030 


163 


1-06 










•673 


6,700 


194 


1^05 








, . 


•679 


9,690 


179 


•86 










•684 


13,900 


196 


1-07 










•686 


9,000 


200 


•97 








, . 


689 


9,350 


180 


•935 










•700 


6,100 


188 


•915 










•700 


11,000 


13) 


•91 










•710 


21,200 


200 


1-02 










•742 


10.090 


134 


•805 










•746 


10,800 


162 


•735 










•760 


11,460 


127 


•72 










•758 


10,300 


134 


•775 










•770 


10,200 


130 


•75 










•776 


10,300 


134 


•76 










•7a5 


11,350 


125 


•705 










•799 


5,600 


89 


•695 










•816 


11,080 


100 


•64 










•828 


11,260 


100 


•67 










•828 


11,260 


100* 


•55 










•850 


11,566 


100 


•60 






• 




•849 


3,360 


67 


•695 



Notes. 

(1) 0, 6, and e are yessels of very large beam, and for this reason, although they have 
nparatively fine forms, they are not suited for running at the highest speeds given 
^tw 1*45 coefficient of the formula given on the previous page. 

(2) 2d has a beam of only 42*7 feet, hence the small length of entrance. 

(3) 2i has a very small beam, viz., 32 feet, the angle of entrance being the same as 
i>tof2d. 

(4) 2A is not a good vesse .at any speed ; it is too full. 
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Oucc a model of a ship has been tested, the importance and 
exact location of the humps are known, and it is not a hard 
matter to tell whether, at any speed, anything can be gained by 
change of dimensions or form. The amount to be gained or losi 
by such changes varies considerably, being about 3 to 6 per tenb 
for low-speed vessels, 8 to 20 per cent, for cargo -passenger vesseL 
doing 15 knots on 400 feet length. 



CHAPTER VIII 



CURVB OF AREAS 



i 29.— It must be assumed that the designer has settled the 
displacement of the ship — the question of length has already been 
considered ; and he is now confronted with the problem of the 
best way in which the displacement may be distributed in a 
longitudinal direction, i.e., what type of curve of cross-sectional 
&reas it is best to adopt in order that the resistance shall be kept 
M small as possible. A minimum beam is given by stability 
considerations, and the draft depends on questions of strength 
wd depths of water in various channels ; but one is here only 
concerned with the total area of the sections (which primarily 
depend upon the product of the beam and draft), and not the 
niode of distribution of the area over the section, which is dealt 
^th in § 52. If for cargo-carrjdng reasons, or in order to get 
boilers or machinery in place, certain sections must be maintained 
of a certain shape and dimensions, the distribution of the area is 
P^^ftially settled, but one may assume, as is more generally the case, 
^t there is considerable latitude as regards the sectional area at 
every point of the ship. 

For vMsels having no parallel body a curve of areas which in its 
characteristics is not unlike a versine curve with more or less 
snubbing at its ends is f oimd to be very good for all speeds ranging 
*bout that given by : — 

V=VL. 

An example will make this clearer. In figure 1 4 .4 BOB A 
^ a versine curve, i.e., it has a prismatic coefficient of '5 and at 
^h end is tangential to the base. The points of inflection {B B) 
^ situated at the mid-length of each body. Such a curve is too 

f2 
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fine, particularly at the ends, for any ordinary vessel, bu 

defect may easily be remedied by what is called snubbing. 

Let it be assumed that the versine curve ABCBA is 

snubbed 10 per cent, at the stem and 10 per cent, at the bow. 

A M 
out AF forward and AP aft such that AF=--^ and AP= 

and with a mould draw in a new curve PBCBF as shown. 

form is now too short, but by increasing the horizontal ordi 

AM AM 

in the ratio -j^ in the fore body and -p^ in the after 

a new curve is obtained of the same length as before, am 



>Lil^ 




Ifersine Curved '^ 




M 

Fig. 14. 

process by which this has been obtained is called " snubbi 
The following table gives the increase in prismatic coeffi< 
obtained by various degrees of snubbing of a versine curve 
effect of the snubbing being always confined to as small a le 
as possible consistent with a fair curve of areas. The effei 
the snubbing upon the shape of the area curve is shown bj 
curves 2, 3, 4, 5 of Fig. 15 which are drawn with 5, 10, 16, 
18-16 per cent, of snubbing. 

It will be seen that increase of prismatic coefficient obtain< 
this way is accompanied by a change in the character of the 
curve, the hoUowness of the ends becoming less marked 
increase of snubbing, until it is eliminated altogether when 
prismatic coefficient is *6. This change in character of the c 
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produces an increase of the resistance at all moderate speeds ; but 
if the yessel is forced to speeds which are very high for its length, 




6 7 6 5 4 3 2 I o 

fto. 16. — Curves of Area, derived from Vereine Curve by " Snubbing." 

then this area curve produced by the snubbing gives decidedly 

better results. 

Table 11. 



Curve. 


Percentage of 
Snubbing. 


Prismatic Coeffioiant 
of Snubbed Curve. 


1 
2 
8 

4 
5 


nil 

5 

10 
15 
1816 


•5 

•526 

•553 

•58 

•60 



For prismatic coefficients above about '55 the displacement can 
be worked into the ship either by having comparatively full ends 
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and no parallel body or by the introduction of more or less paralle 
body amidships between a fine but shorter entrance and run. I 
will be found that if two vessels of moderate speed have the sam< 
principal dimensions and displacement, one having a short lengtl 
of parallel body combined with a fine and slightly hollow entrance 
the other having no parallel body and therefore fuller ends, thei 
the former will be slightly more resistful than the other at lou 
speeds, and less resistful at the moderate speeds. The point a 
wliich the former becomes the better vessel and the measure o 
its advantage is difficult to settle other than by experiment, an( 
we now proceed to examine the experimental data for fine vessel 
intended to run at moderate speeds. 

§ 30. Low Prismatic Coefficient and no Parallel Body. — ^Th 

most important experiments are those by Mr. Froude and Mi 
Taylor. Mr. Froude's models were all of the cruiser type, i.e 
with ram bow and immersed counter. Six types of form wei 

tried, and each type was tested at various fjif) values or ratio 

of displacement to length. The principal coefficients of these ai 
given in the following table, and the curves of areas and watc 
lines for types 1, 3 and 6 are given in Fig. 16. The fore bod 
shape is the same in types 1 to 3, the difference being in the sten 
which was shortened by snubbing. This snubbing in fact ha 
the double effect of making the stern both shorter and fulle 
The after-body remained the same for types 4, 6, and 6, the bo' 
being shortened by snubbing, the angle of entrance becomiii 
greater the higher the type number. 

It must be noted that the water line varied in a similar manni 
to the area curve, i.e., it was hollow in the bow for types 1, 
and 3, and gradually lost this hollow and became roimded i 
passing from type 3 to ty^)e 6. 

Models of all the types were tried with ratios of length to breadt 
varying generally from 9*6 to 4-7. 

The effect of form of area curve and water line (f.c, of typ< 
upon the general result was largely independent of the ratio c 
beam to draft, and only the results for the series in whic 
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1— tt-wSpS ^are dealt with here. These are given in Fig. 17. 
Each curve in the diagram is for a particular Ck) value, and gives 

the minimum ^0) value obtained at that Lfif) value with any 

type of model, the best types being indicated by the numbers 

against the curves. As a rule fKj and fMj are linown in the 

very earliest stages of the design, and these curves therefore 
enable the best type to be chosen for the design. 

Table 12. 
Form Coefficients for Fronde's Models. 



Midship Section Cocllicicnt for all models 
Ratio of Beam to Draft : 

First Series .... 



Second Series 



•8775 



57 

G6 
• 19 



T}T« 



1 
2 

a 

4 
5 
6 



Frbinatlc Coofficicut. 




After-body. 



•57 
•G015 

•g:j 

•03 
•03 
•03 



Remarks. 



The cruiser stern was relatively 
larger on types 4 to than on 
the otliers. 



The penalty for stem snubbing is never very great. Type 2 is 
D^ter than type 1 for a fair range of speed, and type 3 never 
Womes more than 3 J per cent, worse than type I at any speed 
^thin the range of the experiments. For bow snubbing as 
presented by type 4 the excess resistance over that of type 3 is 
Dever large, as is shown by the table below, but type 5 compares 
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very badly with the others at low speeds up to TiC J=2'8, when it 
begins to get better for the low CMj values, i.e., for vessels of large 
beam for the length. 



Table 13. 



Increase in (cj passing from Type 3 to T\'^pe 4. 



rK) Values. 


2-0 2-2 


2-4 
2-0 


2*6 


2*8 and above. 


Percentage in- 
crease of ^c} 


30 


20 


From 
2-0 at (^ = 6-5 

to 

nil at (m)s^A,'7 


Within 

1 per cent, or 

better. 



§ 31. — ^The experiments by Mr. Taylor with models having no 
parallel body were with forms having two prismatic coefiBcients, 
viz., -60 and -64, and with four types of area curve. Each type 
of area curve was tried with various water planes. These are 
shown for the -60 prismatic coefficient in Fig. 18. Those for the 
•64 coefficient were very similar, but fuller. They vary in character 
from the hollow-ended full-shouldered type, to the full-ended tyi)e 
with no hollow or even slight convexity in the area curve. The 
results may be summarised as follows : — 

(a) The finer-ended forms have a very slightly larger skin area 
for given displacement. The change from area curve A to area 
curve D produces a decrease of IJ per cent, in skin. This does 
not necessarily mean a decrease in resistance, as the increase of 
end fulness probably causes an increase of mean velocity of rub- 
bing of the water against the form and thus increases the skin 
resistance per square foot of wetted surface. 

(6) Assuming, however, that this decrease is actually realised, 
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the hollow-ended area curve has lowest residuary resistance at all 
low speeds. When the speed exceeds that given by 



V=1'WPL 

V being the speed in knots, 
L the length in feet, and 
P^the prismatic coefficient, 

the reverse is the case, and full ends and easy shoulders then show 
a considerable advantage, but the forms become rather wasteful 
at these higher speeds. 

(c) For high speeds with the '60 prismatic coefficient the best 
combination was area curve D having water line 1 forward and 

4 aft. For speeds above V=l'3VPL a finer water line aft gave 
a little better result than the above. 

For the higher prismatic coefficient -64 at high speeds there was 
little difiEerence between the results with area curves C and D, 

For speeds above V=l'l2VPL the best result was obtained 
with either of these combined with a fine bow water line similar 
to 1 and a full water line aft similar to 4. 

The full bow water line number 4 gave bad results with any of 
the area curves at high speeds. 

(d) Varying the shape of the area curve in the after-body only, 
keeping the same water line, had little effect upon the residuary 
resistance, particularly at high speeds. At more moderate speeds 
lying between 

V=^1'WPL and V='7VPL 
the fuller ended area curves showed slightly worse than the others. 

§ 32. — ^The research work at the WiUiam Froude tank supports 
the above conclusions. For speeds ranging between fpj=z—^ and 

p )=1'05 (i.e., for F='75to l-lVifor a vessel having a prismatic 



© 



coefficient of •6) the following combination gives good results : — 
The bow water line should be kept as fine as stabihty or cargo 
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considerations will permit, and should be drawn with a sli^i 
amount of hollow in it. The curve of areas for the fore-bod]; 
should also have a fair amount of hollow in it and be somewhat 
of the character of curve 2 in Fig. 15. The curve of areas for the 
after-body should be much the same as that of the fore-body, but 
should be combined with a fairly full water line such as number 3 
of Fig. 18. This gives good stability, easy buttocks, and com- 
paratively open sections in the neighbourhood of the propellers, 
all of which are things to be desired. The full water line at the 
stem also prevents the ship from squatting abnormally whei 
travelling at high speed. 

If the water line at the stem is kept too full it results in blun' 
endings and consequent eddy-making, and partly to avoid this i 
** cruiser stem " has been adopted in many recent ships. Fo 
vessels whose speed is fairly high for their length this may be t 
real advantage. By carrying the cruiser stem formation wel 
down the stem post the ship not only has a finer and more tapere< 
water line, but the immersed form is given a good finish so far a 
ciurve of areas is concerned. Both of these are factors whicl 
go to the reduction of the residuary resistance, and bot! 
help to increase the speed to which the ship can be ra 
economically. 

For vessels of lower speed its main use is the avoidance c 
eddy-making, or the attainment of water line inertia, without th 
use of a large water-plane coefiScient. 

§ 33. Channel Steamers. — ^For vessels of the Channel steame 
type, running at speeds above V= 1 -2 VX^ a form having practical!; 
no hollow in the bow lines is the best. The fine angle of entrano 
and gently sloping buttocks are still required. The maximun 
ordinate of the water line should be kept aft of amidships, and thi 
maximum ordinate of the lower level lines may be brough 
forward of this point. A cruiser stem is of enormous value t 
these vessels, and if properly worked into the ship will give i 
reduction of 10 to 16 per cent, in power compared with a simila 
ship without such a stem. The main factor in these vessel 
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which is adverse to good results is large displacement. The more 
this can be reduced, i.e. the smaller the ratio of 

(displacement)* 
length ' 

the better is the result obtained. 

{ 34. High Prismatic Coefficient and Parallel Body. — ^From the 
lesults in § 29 it can be seen that to obtain a curve of areas having 
a prismatic coefficient greater than -6 either something very like 
parallel body must be introduced into the form, or the area curve 
must be made convex along its whole length. A curve of areas 
which is wholly convex can be used with advantage in certain 
types of vessels. The after-body of destroyers, steam yachts, 
and other high-speed vessels is sometimes of this character, and 
in vessels of comparatively small draft in which gently sloping 
buttocks can be adopted such a type of area curve is not detri- 
mental But in the fore-body of a ship it is of advantage only 
at very high speeds, except for one class of ship, i.e., the fullest 
type of large tramp steamer intended to travel at 9 or 10 knots. 
Each of these cases is dealt with later. For the more ordinary 
vessel the introduction of parallel body into the ship is more 
^economical in the cost of building and in propulsion, and usually 
gives more stability. 

This parallel body may be introduced into the ship in one of 
several ways : — 

A. By fining the ends and filling out the shoulders so that 
the midship body becomes practically parallel for a certain 
portion of the length. 

B. By increasing the ship's length by an amount equal to 
the length of parallel body added. 

C. Adding the parallel body between the entrance and run 
and then reducing the whole length to its original value* 

D. Proceeding as in case B, but afterwards reducing all the 
dimensions to bring the displacement to its original value. 

Ccise A differs from the others, as the ends become finer as the 
parallel body is added. Thus the prismatic coefficient remains 
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constant with the change instead of increasing as it does in th^ 
other cases. 

In case B the ship's length, displacement, and prismatic co — 
efficient are all increased, and the ratio of beam to length i 
decreased. 

In case C we have the same increase in prismatic coefficient 
in B, but it is obtained with fuller angles in the lines of the entrance 
and run. The displacement added is of course less than in case B ^ 
being here proportional to the difference between the final an 
original prismatic coefiScients. 

In case D the form obtained is similar in every resi)ect to tha 
in case B, but the ship is smaller in all its dimensions. 

The following table shows the effect of introducing 20 per centu::- 
parallel body into a form whose dimensions and particulars an«i 
given in column O, the change being eiffected by the methods j 
indicated above. 

Table 14. 



Column 





A 


B 


C 


D 


Variation by Method . 


— 


A 

400 
50 
22 
•65 

8,020 


B 


C 


D 


Length (feet) 
Beam (feet) 
Draft (feet) 
Prismatic coelH- 

cient 
Displacement (tons) 


400 
50 
22 
•65 

8,020 


480 
50 
22 
%-71 

10,484 


400 
50 
22 
•71 

8,760 


489 
45-7 
201 

•71 

8,020 



§ 35. — Mr. Taylor has made experiments with models whose 
forms have been varied by method A. Three forms having 
prismatic coefficients of -68, '74, and -80 were chosen. All the 
models had a midship section coefficient of •O, and the same ratio 
of beam to draft, viz., 2-5. Each prismatic coefficient was 
tried with five lengths of parallel body, the entrance and run being 
shortened and fined down as more parallel body was introduced. 
The change was made so that in every series, the form always had 
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exactly the same shape of transverse section at the point where 
the area was the same. 

The area of wetted surface is increased very slightly as more 
parallel body is used, but the increase is negligible, as can be 
seen from the figures below. 

The residuary resistance varied according to the speed and tlie 
fineness of the ends. At high speeds the most resistful were 
invariably those with the fine ends and most parallel body. At 
more moderate speeds there was a certain percentage of parallel 
body for each prismatic coefficient, which gave the minimum 
residuary resistance, this length varying a little with the speed. 

Table 15. 



Percentage increase of surface per 
10 per cent, of parallel body used . 

Percentage of parallel body ^.^ 

for minimum residuary j .g 

resistance per ton at -77-= s '7 

•9 



sjL 




Prismatio Goci)icient. 




•80 



•25 




22 


31 


27 


35 


27 


34 


24 


31 


18 


26 



15 



At low speeds these percentages may be varied considerably, 

up or down, without much eflEect on the resistance. At higher 

speeds a 1 per cent, increase or decrease in parallel body causes 

a corresponding increase of roughly 1 per cent, in residuary 

resistance. It is fairly safe to assume that the frictional 

resistance per ton is constant. In this case, with a form whose 

residuary resistance is about 30 per cent, of the whole, there 

jfl a latitude of 3 per cent, of length of parallel body, for which the 

penalty is 1 per cent, increase in resistance. This ratio of residuary 

io total resistance is a very fair average for a form suited to its 
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speed. The results were practically independent of the (m^ value 

V 

or ratio of displacement to length at any speed up to — ^ = -76, 

which is as high as mercantile vessels of similar form would be 
pushed in practice. Broadly speaking, therefore, it can be said 
that, for the usual range of speed obtained by ships of these pris- 
matic coefficients, parallel body may be used with advantage up 
to 12, 24, and 36 per cent, of the length, with prismatic coefELcients 
of -68, -74, and -80 respectively, and these percentages may be 
increased somewhat without any great loss. 

The results obtained by Professor Sadler,* although not 
sufficiently extensive to define limits for the efficient use of 
parallel body, agree, as far as they go, with Taylor's work. A 
form having a prismatic coefficient -87 with 80 per cent, of its 
length parallel body and a hollow-ended area curve, was con- 
siderably improved at all speeds by reducing the parallel body to 
60 per cent, and straightening out the area curve. A second 
form of -67 prismatic coefficient showed better results when the 
parallel body was increased from nil to 10 per cent, in the fore- 
body and the area curve at the bow given a little hollow. A 
similar change at the stem showed a slight Increase in resistance. 
With a form having a medium prismatic coefficient of -74, up to 

V 
speeds given by •==•6, 20 per cent, of parallel body gave better 

results than either 40 per cent, with a hollow end or nil and a 
very full-ended area curve. Above this, and up to the practical 
limit of speed for such forms, the combination of hollow-ended 
bow and full-ended stem was best. It appears reasonable to 
suppose, therefore, that the after-body area curve can be changed 
considerably (consistent with fairness) without much effect, in 
forms whose prismatic coefficient is less than -67. But with 
fuller forms, parallel body, although an advantage in the fore- 
body, should be used as little as possible in the after-body, as the 

♦ American Society of N. A. and M. E., 1907 and 1908. 
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shorter run increases the resistance. This question of length of 
run is dealt with in the section on eddy-making and in §§ 4 1 and 42. 

§ 36. Variation of Form by mode B (i.e., by the insertion of 
Parallel Body between ends of identicalForm).— Experiments were 
made by Mr. W, Froude with a series of models having a constant 




Fig. 19. — ^\V. Fronde's Experiments. 

got for ICO feet lengtll - 1,346 tonx. Euli 10 tret of yt,nlM middln body aJd< ] 



ratio of beam to draft, viz., 2-67. The prismatic coefficient of the 
entrance was -526 and of the run -57. The largest section had a 
coefficient of '9. The results are given for vessels having 38-4 
feet beam, the length of entrance and run then being each 80 feet. 
The resistance of the models was separated by Mr. W. Froude 
into frictional and residuary components {see Fig. 19). The 
former was assumed to increase uniformly with the length of 
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parallel body inserted, and when deducted from the whole ga'' 
the residuary resistance. For all speeds above 12 knots (for t! 
ship dimensions given above) the latter was found to oscilla 
about a fairly steady value as the length was increased. TI 
amplitude of the oscillation decreased with length, but becar 
greater for higher speeds. Below 12 knots the residuary resis 
ance increases steadily as the parallel body is increased, j 
11 knots the increase is 10 per cent., and at 9-3 knots 25 p 
cent., for an increase of total length from 160 feet to 600 feet. 

A little consideration of Fig. 19 will show that, from the poi 
of view of power per ton of displacement, the vessel with lo: 
length of parallel body is generally better than a shorter vest 
at all low speeds. This holds good for all his models up 
speeds of about 12*0 knots, and for forms of length greater th 
200 feet it applies up to 13*15 knots. This latter speed is, ho 
ever, too high for reasonable propulsive efficiency, for which t 
upper limit is about 12*0 knots, and the experiments cease 
have much practical value beyond this point. 

But they have considerable scientific value in the fact that 
the higher speeds they show clearly the effect of length upon t 
wave-making. Since the entrance and run remained the san 
the oscillations in the resistance curves can be due only to t 
** phase interval " or distance apart of the bow and stern wa 
systems. The final system created is favourable or resistf 
according to the relation of the speed to the ship's length. T 
hollows find crests of these curves all fall on curves of consta 



©^ 



p\ and the conclusion is that vessels intended to run at th( 

high speeds should be designed for the Cpj values of -604 or -7 

or 1*10, according to the ship's length. 

Similar experiments have recently been made at the Willi( 
Froude National Tank, with fuller forms having the usi 
mercantile stem. The particulars of these, when enlarged 
give the same length of entrance as before, are as follows : — 

Length of entrance = length of run = 80 feet. 
Beam 29*9 feet. 
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DS3t 2-26 feet. 

Prismatic coefficient of entrance . . '672 

,, ,, ,, run . . '638 

Midship section coefficient . . . '98 

At low speeds, the power per ton became smaller the longer 
tte length of parallel body introduced. At higher speeds the 
'Stance curves showed the same oscillations as before, with 

^^eir crests at the same fpj values. All the forms were wasteful 

'^^ speeds above 11*5 knots (for the above ship dimensions), a 
*Peed slightly lower than that for Fronde's model, owing to the 
'^ller form of entrance. 

Long narrow ships obtained in this way, although requiring 
*o^er power per ton than shorter ships of the same maximum 
^•^ction, do not necessarily represent the best that can be done on 
^^e displacement (see § 35 and § 45). 

§ 37. Variation of Form by Mode C (i.e., by making the 

^^trance and run the same shape but of shorter length as parallel 

^ody is inserted between them, the total length remaining the 

^i-cune). — ^This has been tested in several cases at the William 

^^Voude tank. Fig. 20 shows the results for three models corrected 

^t>r skin friction, so that the diagram is correct for ships of 400 feet 

X^ngth. All the forms had the same total length, breadth, 

^epth and midship section, the prismatic coefficient of entrance 

being -672 and of run '638. For all the models the shape of the 

entrance is given by curves 8 in Fig. 21 and the run by curves 3 

in the same figure. But as parallel body was introduced in 

passing from models 21a to 19a to 196 both the entrance and run 

became shorter, and in consequence the angle of entrance greater. 

The ordinates of the figure show 

EHP 



AF» 



X4271. 



In other words, at any fixed speed given by the abscissa, the 
ordinates are proportional to the powej? per ton of displacement. 



(. 2 



, BCBl"" 
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The amount of parallel body that may be advantageously 

inserted depends entirely upon the speed of the ship. Thus below 

13 knots the form with 10 per cent, of parallel body is but slightly 

better than that with 30 per cent, the difference being less than 

3 per cent. But it is evident that to insert much more than 30 per 

cent, of parallel body would be detrimental, as the power per ton 

^creases rapidly above this amount. The cause of this is partly 

^h« long length of body with sharp bilge turn, partly eddy-making 

*t> the stem, and partly that the entrance becomes shorter and 

^ttsuitable for the speed. 

The above models had comparatively full ends. A similar 
*^^>mparison between models with 10 and 30 per cent, of parallel 
*^c>iy with finer ends (having a little more hollow in the area curve 
iward) gave better results with the fuller form. The particulars 
these models are given in Table 16. 



Table 16. 



^^odel. 


Prismatio Coefficient. 


Displacement 

in Tons for 
400-foot Ship. 


Percentage 

of ParaUel 

Body in the 

Length. 

10-45 
30 


B 
D 


L 


Entrance. 


Ron. 


1 
Total. 


B 


lib 
ISa 


•57 
•57 


•584 
•584 


•621 
•687 


8,450 
9,570 


2-25 
2 25 


80 
80 



Up to 12 knots for a 400-foot ship the fuller vessel requires 3 per 
^CJent. less power per ton displacement than the other. Above this 
^peed the results were rather critical owing to a hump in the 

Resistance curve, but even at a speed of -SVX there was little 
difference between them. 

Similar tests made with other models show that it is generally 
the case that a small percentage of parallel body may be added to 
a fine-ended ship without increasing the effective horse-power per 
ton for all moderate speeds. But if it be added to any great 
extent between ends which are already full, the form is only fit 
for quite low speeds, and even at these speeds the result may be 
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anything but satisfactory. Table 10 gives some values of the 
^ maximum economical speed for a number of forms, the models 
2c, 2/, 2g, 2h, having 60 per cent, and w, zz and 26 30 per cent, 
parallel body. 

§ 38. Variation of Form by Mode D {i.e., by adding parallel 
body between fixed entrance and run, and reducing all dimensions 
to bring the displacement to the original value). — ^The principal 
characteristic of this alteration is the reduction of the length of 
entrance and run. This limits the maximum speed for eflBciency, 
which will vary approximately as ^ length of entrance. Con- 
sider the case of the vessels in the previous section, having an 
entrance length of 80 feet, and limiting speeds of 12*0 and 
11'5 knots respectively. If , as a consequence of a modification 
of the form by the mode under discussion, the length of entrance 
is reduced to 60 feet, the new forms would be unsuitable for 
speeds above 10*4 and 9*1 knots. Other than this, the change 
does not have much effect. At low speeds there is a slight 
reduction of power per ton of displacement, which disappears as 
the above Umiting speeds are reached. 



^ 



CHAPTER IX 

SHAPE AND FINENESS OF ENDS WITH PARALLEL BODY 

§ 39. — In the section dealing with the relative merits of hollow 
versus straight lines, and elsewhere, it has been shown that foi 
vessels of fine form intended to work at speeds in the neighbour- 
hood of F= VX there is a decided gain in working the level lines 
with some hollow in them. It has also been shown that for such 
fine forms at very high speeds the hollow should be reduced to 
get the best effect. The above conclusions, however, being based 
upon experiments with forms mainly without parallel middle 
body, do not necessarily apply to the majority of merchant 
vessels. It is the purpose of this section to consider what is the 
best prismatic coefficient of both entrance and run and best 
shape of area curve to associate with a given length of parallel 
body. 

The experiments of Mr. Taylor, discussed in § 36, show that 
starting with fixed dimensions and displacement, fining down the 
ends more and more as parallel body is introduced amidships, a 
condition is reached at last, beyond which more parallel body and 
still finer ends would mean increased resistance per ton at a given 
speed. In these experiments increased length of parallel body 
was naturally associated with an entrance and run of increasingly 
hollow lines^ which is not usually the case in practice and is not 
necessarily good in theory. The problem can, however, be viewed 
from a broader point of view if only the dimensions are kept con- 
stant and the displacement varied. 

§ 40. — ^In order to test the effect of fine and full ends, a large 
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constant with the change instead of increasing as it does in the 
other cases. 

In case B the ship's length, displacement, and prismatic co- 
efficient are all increased, and the ratio of beam to length is 
decreased. 

In cdse G we have the same increase in prismatic coefficient as 
in B, but it is obtained with fuller angles in the lines of the entrance 
and run. The displacement added is of course less than in case B, 
being here proportional to the difference between the final and 
original prismatic coefficients. 

In case D the form obtained is similar in every respect to that 
in case B, but the ship is smaller in all its dimensions. 

The following table shows the effect of introducing 20 per cent, 
parallel body into a form whose dimensions and particulars are 
given in column O, the change being effected by the methods 
indicated above. 

Table 14. 



Column 




Variation by Method . 



Length (feet) 
Beam (feet) 
Draft (feet) 
Prismatic coeffi- 
cient 
Displacement (tons) 



400 
50 
22 



•65 



8,020 



A 

1 
1 


B 


C 


A 


B 


C 


400 


480 


400 


50 


50 


50 


22 


22 


22 


•65 


»-71 


•71 


8,020 


10,484 


8,760 



D 



D 



439 
45-7 
201 
•71 



8,020 



§ 35. — ^Mr. Taylor has made experiments with models whose 
forms have been varied by method A. Three forms having 
prismatic coefficients of -68, -74, and -80 were chosen. All the 
models had a midship section coefficient of -9, and the same ratio 
of beam to draft, viz., 2*5. Each prismatic coefficient was 
tried with five lengths of parallel body, the entrance and run being 
shortened and fined down as more parallel body was introduced. 
The change was made so that in every series, the form always had 
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exactly the same shape of transverse section at the point where 
the area was the same. 

The area of wetted surface is increased very slightly as more 
parallel body is used, but the increase is negligible, as can be 
seen from the figures below. 

The residuary resistance varied accordmg to the speed and the 
fineness of the ends. At high speeds the most resistful were 
invariably those with the fine ends and most parallel body. At 
more moderate speeds there was a certain percentage of parallel 
body for each prismatic coefficient, which gave the minimum 
residuary resistance^ this length varying a little with the speed. 

Table 15. 







Prismatic Coefticient. 




•68 


•74 


•80 


Percentage increase of surface ] 
10 per cent, of parallel body used 

Percentage of parallel body 
for minimum residuary 

^stance per ton ^^= I 


3er 

• 

r-5 

•6 

•7 
•8 

•9 


•35 

8 
12 
13-5 
12 

4 


•25 

22 
27 

27 
24 

18 


•15 

31 
35 
34 
31 

26 



At low speeds these percentages may be varied considerably, 
up or down, without much effect on the resistance. At higher 
speeds a 1 per cent, increase or decrease in parallel body causes 
a corresponding increase of roughly 1 per cent, in residuary 
resistance. It is fairly safe to assume that the frictional 
resistance per ton is constant. In this case, with a form whose 
residuary resistance is about 30 per cent, of the whole, there 
is a latitude of 3 per cent, of length of parallel body, for which the 
penalty is 1 per cent, increase in resistance. This ratio of residuary 
to total resistance is a very fair average for a form suited to its 
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speed. The results were practically independent of the (m) value 

V 

or ratio of displacement to length at any speed up to -jj = -75, 

which is as high as mercantile vessels of similar form would be 
pushed in practice. Broadly speaking, therefore, it can be said 
that, for the usual range of speed obtained by ships of these pris- 
matic coefficients, parallel body may be used with advantage up 
to 12, 24, and 36 per cent, of the length, with prismatic coefficients 
of -68, -74, and -80 respectively, and these percentages may be 
increased somewhat without any great loss. 

The results obtained by Professor Sadler,* although not 
sufficiently extensive to define limits for the efficient use of 
parallel body, agree, as far as they go, with Taylor's work. A 
form having a prismatic coefficient -87 with 80 per cent, of its 
length parallel body and a hollow-ended area curve, was con- 
siderably improved at all speeds by reducing the parallel body to 
60 per cent, and straightening out the area curve. A second 
form of '67 prismatic coefficient showed better results when the 
parallel body was increased from nil to 10 per cent, in the fore- 
body and the area curve at the bow given a little hollow. A 
similar change at the stem showed a slight increase in resistance. 
With a form having a medium prismatic coefficient of -74, up to 

V 
speeds given by y==-5, 20 per cent, of parallel body gave better 

results than either 40 per cent, with a hollow end or nil and a 
very full-ended area curve. Above this, and up to the practical 
limit of speed for such forms, the combination of hollow-ended 
bow and full-ended stem was best. It appears reasonable to 
suppose, therefore, that the after-body area curve can be changed 
considerably (consistent with fairness) without much efiFect, in 
forms whose prismatic coefficient is less than -67. But with 
fuller forms, parallel body, although an advantage in the fore- 
body, should be used as little as possible in the after-body, as the 

* American Society of N. A. and M. E., 1907 and 1908. 
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horter run iiicrea,ses the resistance. This question of length of 
un is dealt with in the section on eddy-making and in §§ 41 and 42. 

§ 36. Variation of Form by mode B {i.e., by the Insertion of 
Parallel Body between ends of identical Form).— Experiments were 
nade by Mr. W. Froude with a series of models having a constant 




isDt tor IM rcct lencth 



Fig. Ifl. — W. Froude's EiperimentB. 

1. Eich 10 fret of pimllf 1 middle body u 



ratio of beam to draft, viz., 2*67. The prismatic coefficient of the 
entrance was -526 and of the run -57. The largest section had a 
coefficient of -9. The results are given for vessels having 38-4 
'eet beam, the length of entrance and run then being each 80 feet. 
The resistance of the models was separated by Mr. W. Froude 
nto frictional and residuary components (see Fig. 19). The 
'ormer was assumed to increase uniformly with the length of 
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parallel body inserted, and when deducted from the whole gave 
the residuary resistance. For all speeds above 12 knots (for the 
ship dimensions given above) the latter was found to oscillate 
about a fairly steady value as the length was increased. The 
amplitude of the oscillation decreased with length, but became 
greater for higher speeds. Below 12 knots the residuary resist- 
ance increases steadily as the parallel body is increased. At 
11 knots the increase is 10 per cent., and at 9*3 knots 25 per 
cent., for an increase of total length from 160 feet to 500 feet. 

A little consideration of Fig. 19 will show that, from the point 
of view of power per ton of displacement, the vessel with long 
length of parallel body is generally better than a shorter vessel 
at all low speeds. This holds good for all his models up to 
speeds of about 12*0 knots, and for forms of length greater than 
200 feet it applies up to 13-15 knots. This latter speed is, how- 
ever, too high for reasonable propulsive eflSciency, for which the 
upper limit is about 12'0 knots, and the experiments cease to 
have much practical value beyond this point. 

But they have considerable scientific value in the fact that at 
the higher speeds they show clearly the effect of length upon the 
wave-making. Since the entrance and run remained the same, 
the oscillations in the resistance curves can be due only to the 
** phase interval " or distance apart of the bow and stern wave 
systems. The final system created is favourable or resistful, 
according to the relation of the speed to the ship's length. The 
hollows ^nd crests of these curves all fall on curves of constant 

fPjy and the conclusion is that vessels intended to run at these 

high speeds should be designed for the fpj values of -604 or '756 

or 1-10, according to the ship's length. 

Similar experiments have recently been made at the William 
Froude National Tank, with fuller forms having the usual 
mercantile stem. The particulars of these, when enlarged to 
give the same length of entrance as before, are as follows : — 

Length of entrance = length of run = 80 feet. 
Beam 29*9 feet. 



s 
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Beam 

Draft ^'^^ • 

Prismatic coefficient of entrance . . '672 

„ „ „ run . . -638 

Midship section coefficient . . . "98 

At low speeds, the power per ton became smaller the longer 
the length of parallel body introduced. At higher speeds the 
resistance curves showed the same oscillations as before, with 

their crests at the same fpj values. All the forms were wasteful 

for speeds above 11*5 knots (for the above ship dimensions), a 
speed slightly lower than that for Froude's model, owing to the 
fuller form of entrance. 

Long narrow ships obtained in this way, although requiring 
lower power per ton than shorter ships of the same maximum 
section, do not necessarily represent the best that can be done on 
the displacement (see § 35 and § 45). 

§ 37. Variation of Form by Mode C {i.e., by making the 
entrance and rim the same shape but of shorter length as parallel 
body is inserted between them, the total length remaining the 
same). — This has been tested in several cases at the William 
Froude tank. Fig. 20 shows the results for three models corrected 
for skin friction, so that the diagram is correct for ships of 400 feet 
length. All the forms had the same total length, breadth, 
depth and midship section, the prismatic coefficient of entrance 
being -672 and of run '638. For all the models the shape of the 
entrance is given by curves 8 in Fig. 21 and the run by curves 3 
in the same figure. But as parallel body was introduced in 
passing from models 21a to 19a to 196 both the entrance and run 
became shorter, and in consequence the angle of entrance greater. 
The ordinates of the figure show 

AF^X4271. 

In other words, at any fixed speed given by the abscissa, the 
ordinates are proportional to the powe/ per ton of displacement. 
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The amount of parallel body that may be advantageously 
inserted depends entirely upon the speed of the ship. Thus below 
13 knots the form with 10 per cent, of parallel body is but slightly 
better than that with 30 per cent, the difiFerence being less than 
3 per cent. But it is evident that to insert much more than 30 per 
cent, of parallel body would be detrimental, as the power per ton 
increases rapidly above this amoimt. The cause of this is partly 
the long length of body with sharp bilge turn, partly eddy-making 
at the stem, and partly that the entrance becomes shorter and 
unsuitable for the speed. 

The above models had comparatively full ends. A similar 
comparison between models with 10 and 30 per cent, of parallel 
body with finer ends (having a little more hollow in the area curve 
forward) gave better results with the fuller form. The particulars 
of these models are given in Table 16. 



Table 16. 





Prismatic Coefficient. 


Displacement 

in Tons for 

400-foot Ship. 


Percentage 

of Parallel 

Body in the 

Length. 


B 
D 


L 


Model. 


Entrance. 


1 

Rim. Total. 

1 


B 


146 
18a 


•57 
•57 


•584 
•584 


•621 

•687 


8,450 
9,570 


10-45 
80 


2-25 
2-25 


80 
8 



Up to 12 knots for a 400-foot ship the fuller vessel requires 3 per 
cent, less power per ton displacement than the other. Above this 
speed the results were rather critical owing to a hump in the 

resistance curve, but even at a speed of 'SVL there was little 
difference between them. 

Similar tests made with other models show that it is generally 
the case that a small percentage of parallel body may be added to 
a fine-ended ship without increasing the effective horse-power per 
ton for all moderate speeds. But if it be added to any great 
extent between ends which are already fuU, the form is only fit 
for quite low speeds, and even at these speeds the result may be 
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anything but satisfactory. Table 10 gives some values of the 
^ maximum economical speed for a number of forms, the models 
2e, 2/, 2g, 2h, having 50 per cent, and w, zz and 26 30 per cent, 
parallel body. 

§ 38, Variation of Form by Mode D (i.e., by adding parallel 
body between fixed entrance and run, and reducing all dimensions 
to bring the displacement to the original value). — ^The principal 
characteristic of this alteration is the reduction of the length of 
entrance and run. This limits the maximum speed for efficiency, 
which will vary approximately as ^Z length of entrance. Con- 
sider the case of the vessels in the previous section, having an 
entrance length of 80 feet, and limiting speeds of 12*0 and 
11*6 knots respectively. If , as a consequence of a modification 
of the form by the mode under discussion, the length of entrance 
is reduced to 60 feet, the new forms would be unsuitable for 
speeds above 10*4 and 9*1 knots. Other than this, the change 
does not have much effect. At low speeds there is a slight 
reduction of power per ton of displacement, which disappears as 
the above limiting speeds are reached. 



CHAPTER IX 

SHAPE AND FINENESS OF ENDS WITH PARALLEL BODY 

§ 39. — In the section dealing with the relative merits of hollow 
versus straight lines, and elsewhere, it has been shown that foi 
vessels of fine form intended to work at speeds in the neighbour- 
hood of F= VL there is a decided gain in working the level lines 
with some hollow in them. It has also been shown that for such 
fine forms at very high speeds the hollow should be reduced to 
get the best effect. The above conclusions, however, being based 
upon experiments with forms mainly without parallel middle 
body, do not necessarily apply to the majority of merchant 
vessels. It is the purpose of this section to consider what is the 
best prismatic coefficient of both entrance and run and best 
shape of area curve to associate with a given length of parallel 
body. 

The experiments of Mr. Taylor, discussed in § 35, show that 
starting with fixed dimensions and displacement, fining down the 
ends more and more as parallel body is introduced amidships, a 
condition is reached at last, beyond which more parallel body and 
still finer ends would mean increased resistance per ton at a given 
speed. In these experiments increased length of parallel body 
was naturally associated with an entrance and run of increasingly 
hollow lines,^ which is not usually the case in practice and is not 
necessarily good in theory. The problem can, however, be viewed 
• from a broader point of view if only the dimensions are kept con- 
stant and the displacement varied. 

§ 40. — ^In order to test the effect of fine and full ends, a large 
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series of models have been tested at the William Froude experi- 
ment tank. All the models tested had : — 

The same ratio of t — tt =2*26 

draft 

The same ratio of i--^ — =7-664 

beam 

The same midship section coefl5cient= '98. 

The models have been divided into sets, and in each set a fixed 
proportion of the length was perfectly parallel middle body. 
With each length of parallel body five diflEerent stems have been 
tried in association with a fixed entrance, and five dififerent 
entrances in association with a fixed run, making nine models in 
each flet. 

Short Parallel Body. — ^In this set of models the parallel body 
extended for lO-'io per cent, of the length. The prismatic coeffi- 
cient of the entrance was varied from -625 to -72, keeping the 
stem exactly the same, the run having a coefficient of '638. The 
run was varied from -578 to -70 prismatic coefficient, the entrance 
having a prismatic coefficient of -672. The form having an 
entrance coefficient of '672 and a run of '638 was also tried with 
hollow and straight line bow, and hollow and straight line stem. 
In all the models with varying prismatic coefficient the water line 
had a little hollow in the entrance, but was fairly full in the stem. 
The curves of areas adopted and other particulars are given in 
Fig. 21. 

The general conclusions arrived at are as follow : — 
(a) Varying Bow Prismatic Coefficient (see Fig. 22). — ^The finer 
the entrance the better the result, particularly at the higher speeds. 

This can be seen from Fig. 22, which gives the fcj values for the 

three forms tried. Below fpj = -6 the difference between the finest 

and fullest is only 7 per cent, on CCjt or 5 per cent, on E.H.P. per 
ton. But the -72 entrance becomes rapidly worse at higher 
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speeds. The -672 entrance begins to get bad at rpj=-65,anda 

rjM='7 it is 12 per cent, worse on Cc\ or 10 per cent, worse 

E.H.P. per ton, than the form with *625 entrance prismati< 
coefficient. 

Put into everyday figures, two vessels each of 400 feet lengti 
travelling at a speed of 15-3 knots, one having a displacement o 
9,400 tons with an entrance prismatic coefficient of -67, the othe 
having a displacement of 9,110 tons and an entrance prismati 
coefficient of -625, the former will require 12*3 per cent, moi 
horse-power to carry only 3*5 per cent, more displacement. Th 
difference between the full and medium entrance at the highc 
speeds is even greater than the above. 

(6) Varying Stem Prismatic Coefficient. — Increase in fulness ( 
the stem had practically no effect upon the horse-power per to 

except at speeds between rPj=-66 and -73. For many ships th: 

is the usual speed range, and for these the finest stern is decided! 
the best. 

(c) Varying Shape of Ends, — ^Up to speeds of 11 knots for 4C 
feet length, there was no difference in power between the fonr 
with varying hollow in the bow. But over a range of speeds froi 

(jp\='e to -72 (i.e., 13-3 to 16 knots for 400 feet length) the mediui 

bow is better than either of the others. The straight line bow 
very wasteful over this range, being from 6 to 10 per cent, won 
than the medium bow. 

Of the forms with varying amount of hollow in the stem, thi 
with none at all gave slightly better results than the others up t 
about 16 knots for a 400-foot ship. The hollow stem the 
became the best, its advantage reaching a maximum of 4*5 p< 

cent, and dropping to nil at ^pj=*78. 

§ 41. Medium Parallel Body. — In these models the parallel bod 
was worked amidships for 30 per cent, of the length. TIi 
prismatic coefficients of the entrance and run were varied betwee 
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the same limits and in the same manner, as in the set of models 
with 10-46 per cent, of parallel body. Where the entrance and 
mn prismatic coefficients are given the same, they had the same 
curve of areas and load water lines (see Fig. 21), only the length 
being altered, so that the totai length remained the same although 
the length of parallel body was increased. 

The conclusions arrived at are as follows : — 

(o) Varying Entrance Prismatic Coefficient (see Fig. 22). — ^At 

Pj='43, or 10 knots for a 400-foot ship, the form with finest bow 

lequred 3 per cent, more power per ton than that with the fullest. 
But this disadvantage disappeared with increase in speed, and at 

Pj=.53 the power per ton was independent of the prismatic co- 
efficient of the entrance (within the range of the experiments). 
Above this speed the finer entrance became necessary for good 
performance, and at the highest speed for which these forms are 

roited, LPJ='59, the finest form was 5-6 per cent, better than 

the medium and 11 per cent, better than the fullest entrance. 
The difference in displacement between the fullest and finest 
eotmnces was only 4-5 per cent, of the whole displacement, or 

(Hily 5-g the increase in power. 

(6) Varying Stem Prismatic Coefficient. — ^Increasing the prismatic 
coefficient of the run from '578 to -638 had very little effect up to 

p)='6, the fuller stem showing slightly worse at higher speeds. 

But filling out the run to '70 prismatic coefficient increased the 
power per ton for all speeds by an average of 4 per cent. This 
appears to be due to eddy-making, a conclusion which is supported 
by the experiments with the model having a stem of type 2 
(Rg. 21). This had very hollow stem lines, which appear to be 

too sharp for the water to follow, and this model also had a (cj 

^ue 3 per cent, higher than others of the same prismatic eoeffi- 
<^t bat with straight lines. It would seem, therefore, that this 



® 



92 SHIP FORM, RESISTANCE AND SCREW PROPULSION 

fullest stem, which haR an after-body coefficient of -79, is slightly 
over the border line of what is good for economical propulsion 
(see also § 35). 

(c) Varying Shape of Ends. — The bow with the least hollow 

was the best for all speeds up to LPJ='62, or roughly 12 knotsfor 

400 feet length. But, just as with the series with short parallel 
body, the medium l)ow became decidedly better than either of the h' 
others over the moderate and more useful range of speeds, t.6., 

rpj='53 to -615, the advantage varying from 1-0 per cent, at both 

these speeds to a maximum of 7-0 per cent, between them. 

Varying the shape of the run from the straight line (curve 4, 
Fig. 21) to the medium form had practically no effect except at 
speeds too high for economy, when the straight line form was the 
better. Extreme hollow in the stem produced eddy-making, u 
already mentioned. 

§ 42. Long Parallel Body. — ^In these models the parallel body 
was worked amidships for 50 per cent, of the length. The same 
forms of rim as before were tested with the medium entrance 
(•672 prismatic coefficient). The variation of the entrance with 
fixed run (-638 prismatic coefficient) was over a slightly larger 
range, viz., prismatic coefficients of -764 to -625 (see Rg. 21). 

The general conclusions arrived at are as follow : — 
Varying Entrance Prismatic Coefficient (see Fig. 22).— The 
power per ton remained the same for all the models up to speeds 

given by (p) = '375. This corresponds to a speed of 9- 1 knots for 

a vessel of 400 feet length. For higher speeds the full entrance 
became very wasteful. The medium form can be used for a litfle 

higher speed, but at \Pj~ '45 and above it is 2*5 per cent, to 3 



cent, worse than the finest form. It will be noticed that tl 

■ 

forms have not good entrances for speeds above (70= •46. Tl^ 
length of entrance must be increased and the parallel body in Aa. 
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is perhaps negligible at fpj='35 and below, but it increases to J 

per cent, and 5 per cent, at and above fpj='^5. The holloa 

entrance gives a bad -looking model, and at all speeds requires li 
per cent, to 12 per cent, more power per ton displacement thai 
either the straight line or medium entrance. 

Varying Prismatic Coefficient and Shape of Stem. — ^In all th( 
models with various shaped sterns eddy-making appeared to b 
present in a more or less marked degree. The two best model 
were those with (1) the finest after-body prismatic coefficien 
(•789 ; see curve 5, Fig. 21), and (2) the medium prismatic coeffi 

cient (-836) having straighter lines. The Ccj curves for these tw( 

stems associated with the same entrance (fore-body prismatv 
coeflScient of -836) are given in Fig. 23. In neither of them wa 
the eddy-making very great, and the lower levels were quite cle« 
of it. 

If such high aft«r-body coefficients are required, the curve o 
areas and water line should take forms similar to curves 4 and 6 
Fig. 21, but with a somewhat easier shoulder for the latter curve 
It must be remembered that one of the main factors in prodacioi 

eddy-making in such forms as these is the ratio : — 

1 
(area of midship section)* 



length of run 

These model results show that in order that the stream lines shall 
not break away from the stem, the value of this ratio should not 

exceed j^ (see also § 16), a conclmion supported by many other 
similar tests. 



CHAPTER X 

POSITION OF MAXIMUM SECTION, AND BELATIVB LENGTH 

OF ENTRANCE AND RUN 

§ 43. — ^The experiments of Professor Sadler with equal-ended 

models having prismatic coefficients of -54 and *61 and no parallel 

body showed that within practical limits the midship section 

position had little influence upon the resistance. If anjrthing it 

^ypeaied to be advantageous to keep it a little aft of mid-length. 

Similar and more complete experiments have been made at the 

William Froude tank with a large number of mercantile ship 

forms. In these experiments the total displacement, length of 

ahip, length of parallel body in any set, midship section shape and 

area were all kept constant, but the parallel body was shifted to 

varying fore and aft positions relative to the perpendiculars, 

the entrance and run remaining the same in form, but being 

dongated or compressed as necessary. The parent forms 

tried are given in Table 17, together with the range of ratio of 

length of entrance j i_ ^i 

k gfh — f covered by the expenments. 

For the finest forms the results agree with those of Sadler, the 

best ratio of ^^g^^ of run ^^ ^^^^ ^'^ *^ ^'^' according to the 
speed, the latter becoming the better at really high speeds for the 
form. Beyond these limits the resistance increases continuously, 
particularly at wave-making speeds. 

With series " B," which had a blunter bow than the fine series, 
the influence of the position of the parallel body was still small; 

*jrfmay be neglected for speeds below that given by a (k) value 
of 1*2 (or 9-3 knots for a 400-foot ship). Above this speed no 
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definite rule can be laid down. The experiments showed a very 
emphatic gain at some speeds by using a short ^itrance, but this 

advantage had disappeared at a Ck) valueof 2-2. This uncertainty 

is due to one of the wave humps, which depends upon the wave- 
making length of entrance. As the entrance is shortened and 
run lengthened, the wave-making, which is more noticeable owing 
to the blunter lines, occurs at lower speeds, and there is a waviness 
in the curve of resistance at fixed speed as the ratio of entrance to 

run changes. 

Table 17. 

Length of ship . . . . , 400 feet 

Midship section coefficient . . . -98 

Number of drafts in the beam . . 2-25 









Prismatio Ooeffioient. 




Beam in 
Feet. 


Displaoe 

ment in 

Tona. 






Set. 


Entrance. 


Run. 


A 


50 


7,400 


•52 


i 
•584 


B 


52-26 


8,450 


•57 


•584 


C 


52-26 


9,570 


-57 


-584 


D 


52-26 


10,810 


•67 


-64 


£ 


52-26 


11,259 


•67 


•64 



Parallel 

Body in 

Feet. 



40 

41-8 
120 
120 
200 



Range of Ratio. 
Length of Entrance 

Length of Ron. * 



•76 to 1-67 
•57 to 1-62 
•55 to 1-68 
•6 to 1-67 
•6 to 1-65 



The total prismatic coefticient of any form in the above table can 
be obtained by combining the entrance and rim with the appropriate 
length of parallel body which has a prismatic value of unity. 

The results with the forms having 30 per cent, parallel body 
combined with the finer ends (set " C ") show that the ratio of 

lenirth of entrance , rxxiA^xux x-i 

^ -r, — ^ may vary from -O to 1*2 without any matenal 

length of run j j j 

effect upon the resistance at any fixed speed below that corre- 
sponding to a (k) value of 1-6. As in any case it would not be 
economical to run a ship of this form at any speed above that 
given by Ck) value equal to 2*1 (i.e., a speed of 16-6 knots for a 
400-foot ship), the results are fairly definite for this type. 
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With a fuller prismatic of both entrance and run, the forms w 
a short entrance and relatively long run are better than the reve 
at all moderate speeds. In set ** D " the advantage is but little, a 

if the speed exceeds that given by rx) equal to 1-5 the entrai 
and run should be of equal length. As the form becomes rati 
wasteful at ^M equal to 1-7 (or 13-6 knots for a 400-foot ship), i 

above gives, for all practical purposes, a fair indication of 1 
effect of any such change in form. 

But this gain with ehort entrance and long run becomes m< 
marked when the parallel body amounts to 50 per cent, of < 

total length. The fcj curves for these forms are given in Fig. I 

and it will be seen that at low speeds the ratio — T^—n — ? 

length of run 

should be about -9 for the best results. 

The explanation of this advantage obtained with short entrar 
and long run lies in the fact that as the parallel body is added t 
lines become blunter at the ends and a certain amount of edd 
making takes place. This can be at any rate partially eliminat 
by elongating the run at the expense of the entrance, and so long 
the curtailment of the bow does not increase the wave-maki 
more than is gained by the reduction of the eddy-making at t 
stem, so long is there something to be gained by the change, i 
far as could be told, the eddy-making begins when the paral 
body amounts to about 30 per cent, of the total length. With 
relatively smaller beam than that adopted in the experiments 
is probable that a higher proportion of parallel body could 
worked without any marked detrimental effect. Moreover, if t 
form has a very hollow curve of area at the stem it is more lial 
to this defect than one with practically no hollow at all. As it 
of great advantage from the point of view of the efficiency of t] 
propeller to do away with this eddy-making, vessels having 
large proportion of parallel, or practically parallel, body in the 
length should have but the slightest amount of hoUow in the 
curve of areas for the stem. (See also § 16 and § 42.) 



CHAPTER XI 

inDSHIP SECTION ABBA AND SHAPE 

§ 44. — ^This is as a rule settled by considerations more important 
and quite apart from the question of resistance and propulsion, 
and model experiments show that within reasonable limits this 
practice is quite sound. The shape of the midship section can 
be varied over very wide limits without affecting the resistance 
provided the beam, water line, and curve of areas remain un- 
altered. With the full type of midship section commonly adopted 
in the merchant service a little qualification is required to this, as 
a too sharp turn of bilge has certain disadvantages which have 
been already pointed out ; but good results can be obtained with 
niidghip section coefficients up to * 98 if the rise of floor is nil and 
is little less than this if the rise of floor is not abnormal. The 
general rule enables the designer to adopt any type of section 
which may suit the particular service of the vessel without having 
to trouble about the question of propulsion. 

From the above it will be seen that the ratio of breadth to draft 
cannot be a very useful means of comparing different forms. A 
far better criterion is the ratio 

beam B 



Vmidship section area VAZ 

^ ratio is independent of the form of midship section, and at 
^ same time is a measure of the relative width and mean depth 
of the immersed form. 

The question of absolute size of midship section is intimately 
c<)Qnected with the one of longitudinal distribution of displace- 
ment, and from many points of view cannot be wholly separated 
f^m it. It is also closely associated with the stability of the shijT,. 

n2 
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since a large midship section coefficient means a comparatively 
low centre of buoyancy at the deeper drafts, and a large area 
of midship section with a moderate coefficient will give a higher 
centre of buoyancy and metacentre. The possible combinations 
are infinite, but the consideration of some more or less restricted 
cases wiU serve to show what is best for propulsion in most cases. 
The usual type of merchant ship has from 7*6 to 8-5 beams in 
its length, and 1*9 to 2*8 drafts in the beam with a midship section 
coefficient of -85 to -98. But, supposing the beam and draft are 
severally or together increased, will this affect the resistance per 
ton? 

§ 45. Increase in Midship Section Area, Beam, and Draft without 
Increase in Total Displacement. — ^This necessarily involves a fining 
of the ends of the form and a reduction of the prismatic coefficient, 
which is favourable to the attainment of high speeds at economical 
rates. Mr. W. Froude has tested the effect of this on two forms 
of the following dimensions : — 



Table 18. 





Length in Feet. 


Beam 

(feet). 


Draft 

(feet). 


DiB. 

place- 
ment 

(tons). 


Wetted 


Form. 


Entrance. 


Parallel 
Body. 


Run. 


Total 


(square 
feet). 


A 
B 


144 
179-5 


72 


144 
179-5 


860 
859 


87-2 
45-9 


16-25 
18-0 


8,980 
8,980 


18,860 
19,180 



Both had the same degree of fineness of entrance and run ; the 
larger midship section of form ** B *' was balanced by an extension 
of the entrance and run to amidships, the parallel middle body 
being entirely eliminated. The change from "A" to "B" 
involved an increase of wetted area, as indicated by the last 
column of the above table. Below 13 knots form " A " was very 
:sll^,htly the better, but above this speed form " B '* improved 
continuously compared with ** A " owing to the smaller wave- 
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making resistance consequent upon the decrease of the prismatic 
coefficient. Experience at the Froude tank shows that for 
vessels of fairly full form running at speeds above or about that 

given by F='68VXj within reasonable limits, greater beam and 
finer ends will give better results. 

§ 46. Increasing Beam and Draft at every Section, keeping the 
Midship Section Coefficient and Form of Level Lines unaltered. — 

Such a change as this leaves the prismatic coefficient unaltered, 
but the displacement and angle of entrance of the water lines are 
both increased. The vessel with the greater beam has the smaller 
area of wetted surface per ton displacement, which has to be 
balanced against the increased wave-making due to the larger 
uigle of entrance. 

Fronde's methodical series of model experiments show that 
with models of prismatic coefficients '55 to '61 the broader the 
vessel the smaller is the power per ton at all low speeds. Thus at 

^^=2-4 the power per ton decreases as fM) decreases (or beam 

increases), the reduction for 10 per cent, in displacement (».e., 
5 per cent, increase of both beam and draft) being about 1 per 
cent. This advantage is a very small one, and as speed increases 
the increased importance of the wave-making causes the broad 
vessel to slowly lose in comparison, and it becomes the worst at 

high speeds. The change over takes place at (Mj^5*9 to 7*4, 
according to the speed, but above (kj=^'3 the vessel with the 

smallest beam is always the best. 

Taylor's experiments show much the same result. His models 
had prismatic coefficients of *56 and -68, the former being fine 
ended, and the latter, although having no parallel middle body, 
being rather flat amidships and fairly full at both ends. At low 

speeds the effect was the same as is given above for (x)=2*4. At 

high speeds, given by F= 1*1 VX, with the '66 prismatic coefficient 
the beam change had very little effect on the power per ton, but 
with the '68 prismatic coefficient the broadest vessel was the worst. 



® 
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The Froude Tank experiments show that for forms of -69 
prismatic coefficient and 400 feet length, the best beam is about 
50 feet, but beams as high as 70 feet can be used for quite low 
speeds (below 10-8 knots). For high speeds there is a fairly 
marked penalty for beams over 66 feet. 

For a prismatic coefficient of '76 (30 per cent, parallel body) 
the best beam is 64 feet. Smaller beams gave very slightly worse 
results, greater beams markedly worse results. It should be 
noted that in these experiments the maximum beam that could 
be used without eddy-making at the stem (determined by the 
formula 4-08 (area mid-sec)* = length of run) was 67 feet, so 
that the increase in resistance with bigger beams and drafts, was 
largely due to eddy-making. 

§ 47. Decreasing the Midship Section Coefficient by ineremaing 
the Beam and Draft together, the Area of each Section romainuig 
the same. — ^Taylor has made experiments with models varied in 
this way. Two sets were tested having prismatic coefficients of 
•66 and -68 respectively. Several ratios of displacement to length, 
covering all the practical range, were tried. The midship section 

coefficient was varied from 1-10 to -70, corresponding to , 

values of 1-63 and 2*04. The ratio of beam to draft was maintained 
the same for all the models, viz., 2*923. The forms with fine 
midship section coefficient naturally had '' peg-top " sections, 
and those with large midship section coefficient had an under- 
water bulge amidships. 

The minimum wetted surface for the models was obtained with 
midship section coefficients of *9 to -98 for the -66 prismatic 
coefficient and -86 to '93 for the -68 prismatic coefficient. 

With both prismatic coefficients a change of . — from 1-63 

to about 1-76 (midship section coefficients 1-1 to -95) had no 
effect upon the power per ton. 

For the finer midship sections not only was the wetted surface 
greater, but the residuary resistance increased as beam and draft 
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weie increased, at all speeds up to the maximum consistent with 
economy of propulsion {V equal to 1-48 and 1-15 times VPL for 
the fine and full prismatic coefficient respectively). The excess 
of the total resistance of the -7 over the -95 midship section 
coefficient amounted to approximately 7-5 per cent, for the finer 
vessels and slightly less than this for the full vessels at their 
normal speeds. At lower speeds the difference was not quite so 
great in either case. 

The results show that for the attainment of high speed there is 

nothing to be gained by the adoption of high values of -,-= 
in order to get a fine midship section. 

§ 48. Varying — yy— by increasing Beam and decreasing Draft, 

keeping Displacement, Form of Sections, and Levels unaltered. — 

It can quite easily be seen that a large increase of beam on a fixed 
displacement and length will generally mean an increase of wetted 
surface, and generally it can be stated that with given form of 

section there is a particular value of ratio of -7-,-- which has the 

advantage of offering a minimum wetted surface, which for low- 
speed vessels is a very important item. 

In Colonel Rota's experiments with models having a midship 

section coefficient of -87, and prisr^atic coefficient of '56, this best - 

B ^ 

ratio of -7===. is about 1*85, and there is remarkably little change 

of wetted surface between values of 1*6 and 2*3. So far as 
frictional resistance is concerned, therefore, these figures give the 

best proportions of .-_ for this form of boat. But the experi- 

ments showed that the residuary resistance increased with the 
beam at all speeds, and as a result the minimum value of Mai 
resistance for a vessel of 328 feet length occurs at a somewhat 

lower value of ,.- than that for minimum wetted surface, viz., 
1-38 to 1*8. The extent to which these latter ratios are lower 
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than the ratio for minimum wetted surface most depend u 
the form of the ship— t.e., its curve of areas, etc. — but for g 
forms there can be little doubt that the above result is fa 
representative. 
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Departure from this best value of ""7^ ui the direction of 

laller beams was not a matter of very great moment for the 
ige of variation possible in most cases. But the resistance in- 
cased fairly uniformly with this ratio when it exceeded and 
len it became 2*45 the resistance was 13' 5 per cent, above the 

inimum. This can be seen from Fig. 26, which gives the Ccj 

lues for ship of 328 feet length, to a base of ratio of beam to 
aft. The forms with the largest beam and smallest draft may 
} classed as ahaUow-draft vessels of high speed, as the draft 
>iTesponding to 328 feet length is only 9| feet. If the midship 
ction coefficient be increased from -87 to -97 the draft would 
«ome 8«36 feet and the results would stiU apply within I per 
at. 

Mr. Froude's experiments show that a change of —rj- from 

72 to 1-99, obtained in the same way, caused an increase of 

distance of approximately 3 per cent, for vessels of high (m) 

be or small ratio of displacement to length, and 6 or 8 per cent. 
' vessels of larger and more usual ratios of displacement to 
igth. The models with which the above experiments were 
ide are described in § 30 and Table 12. 

Similar experiments have been made with mercantile ship 
ms, in which, however, there was an unimportant variation 
level lines with change of draft. All the forms had a midship 
a of 1,487 square feet for a ship of 400 feet length. For a 
smatic coefficient of -65 (no parallel body) the resistance per 

is about the same for all beams up to 67 feet ( > . = 1*51 

ship. For greater beams there was a I per cent, increase in 
stance at all si)eeds for each 2 feet added to the beam. With 
imatic coefficients varying from -67 to *83, there was a steady 
"ease in resistance at all speeds as beam was increased from the 
imum tested (50 feet for ship), the penalty being practically 
same as for the finer form above. 
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§ 49. Decreasing Midship Section Area by increasing the Pris- 
matic Coefficient, all Dimensions and Displacement remaining the 
same. — ^Taylor has tested this with models having block co- 
efficients from '56 to -68. The models had a ratio of beam to 
draft of 2*4, and the dimensions were arranged so that the product 

beam x draft X block coefficient 

was the same in all the models. For any block coefficient the 
curve of areas had more hollow the larger the midship section 
coefficient ; and the area curve for the largest block coefficient 
(•68) had nearly straight ends at -98 midship section coefficient 
and bluff-rounded ends for smaUer midship section coefficients. 
The water lines followed the area curves in shape. The sections 
had a slightly bulbous stem, and both stem and stempost were 
vertical. 

The variation of wetted surface is very small with such changes, 
being of the order of 1-6 per cent, when the midship section 
coefficient is varied from -86 to -96 and 3*1 per cent, going from 
•96 to 1-06 at all block coefficients. 

Generally speaking the results show that at all moderate speeds 
a full midship section is good, and a coefficient of -98 is quite safe 
even for a block coefficient of -56. Except at very high speeds 
for the form, -96 to -98 may be taken as good working figures. At 
low speeds the full midship section gave slightly higher resistance. 
The speeds at which it became advantageous to reduce the area 

of midship section and fill out the ends of the ship are indicated 

F 

in table 19 by the heavy lines. Each line is for a definite —rj 

value, and for any block coefficient, that prismatic coefficient is 
best which lies immediately to the right of the line corresponding 
to the speed at which the vessel is to run. 

Thus for a block coefficient of '68 at speeds between — r^ equal 

to *48 and *6, the best prismatic coefficient is *694 to '654, oone- 
sponding to midship section coefficients of *98and 1'04 respectively. 
It must be noted, first, that the possible gain in resistance was 
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always small, and, secondly, that the large midship section 
coeflScients were obtained by large under-water bulging of the 
fomiy f.e., the tumble home commenced well under water, and 
there were never any sharp or angular comers in the sections at 
the bilge. 

Table 19. 

Dimensions and Coefficients of Models. 
Length . . .20 feet. 



Bloek 
Coeffi- 
oiflQt. 


Breadth 

(feet). 


Draft 

(feet). 


Midship Section CkwfBoients. 


•86 


•92 


•98 


1-04 


110 






2-928 
2-828 
2-789 
2-657 


1-22 
1-179 
1-141 
1-107 


Pr 
f 


ismatic 
ibove "S 


Coeffici 
iidship 1 


1 
ents corresponding to 
Section Coefficients. 


•56 


-651 
-698 


•609 


1 -571 


•588 


•509 


y 


•60 


-652 


1 '612 1 


-577 
•615 


•545 


-VL-''^ 


•64 


-744 
•791 


•696 
•789 


•658 1 


-582 


— .. =72 


•68 


•694 


-654 


1 -618 


— .. —'6 








■« .. =-48 




1 






^■^ » f ^fvr 



§ 50. Varying 7^ by Bodily Sinkage of the Ship.— Table 20 

gives the percentage increase in power for a 10 per cent, variation 
of displacement obtained in this way. 

It will be noticed that the effect for each form varies with speed, 
and for all forms at low speeds the effective horse-power per ton 
of displacement decreases as the draft increases, and may be 
taken as varying with (displacement)*. At those speeds at which 
wave-making is important the power per ton is roughly constant 
for all normal variations of draft. 

The skin friction effect would be the same at high or low speeds, 
and the increased percentages in the table at high speeds must 
therefore be due to increase in wave-making. At the low speeds 



V 
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Table 20. 

Variation of Eflfective Power for 10 per cent. Variation in 

Displacement. 



omp. 


Block 
Coeffi. 
cient. 


Length 
(feet). 


Speed in Knots. 


10 
62 


15 

7^0 
66 
80 
5-6 
6-5 

7-7 


18 

80 
7-8 
90 

7^8 

8-5 


20 


22 


30 


40 


Battleship . 
Cruiser 
Small cruiser 
Destroyer 
Steam yacht. 
Passenger 
steamer . 


•65 

•58 

•51 

•5 

•5 

•59 


400 
400 
400 
400 
400 

400 


120 

9-5 
81 

124 


110 
112 

101 


108 


10-6 








Speed in Knott. 




8 

5^0 
45 


10 


12 


14 


16 


Intermediate 
steamer . 

Slow steamer 


•677 

•758 


400 
400 


5-5 
65 


00 CD 
CD CD 


6-9 
70 


19^0 to deep lii: 
120 toUghtlii: 
100 atlSknatj 



this depends upon the form near the water plane, but at highei 
speeds upon the cross-sectional area, which increases with the 
draft. Larger waves, therefore, are created at the same speed ad 
the draft is increased. For this reason, such a variation o£ 
power per ton of displacement as is shown for the " intermediate 
steamer " at its high speed is found, to a greater or less degree^ 
in all ships, when they are forced beyond their proper speed. 

§ 61. — Increasing Beam keeping Draft and Form of Level Lines 
unaltered. — This variation has been tried on models of mercantile 
ship forms, having a draft of 23^23 feet for vessels of 400 feet 
length. For all prismatic coefficients from ^65 to ^69 (the form 
having little or no parallel body) beams up to 60 feet can be 
worked with good results at all ordinary speeds. A 10 per cent. 
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inciease in beam (66 feet total beam) involves only 3 per cent. 
more power per ton. With a prismatic coefficient of '76 (30 per 
cent, parallel body) beams up to 56 feet can be used for all speeds 

provided the ratio of — f^ .t — j is kept about '9. Tho 

length of run '^ 

penalty for increase in beam beyond this figure is about the same 
as for the finer forms. With 50 per cent, parallel body, prismatic 
coeflBcient '82, a heavy penalty is paid for beams greater than 
48 or 50 feet, and even with this beam a fair amount of eddy- 
making was present. 



CHAPTER Xn 

LEVEL LINES AND BODY PLAN SECTIONS 

§ 52. — ^Assuming that a satisfactory curve of areas has been 
decided upon, and that the over-all dimensions are fixed, it 
remains to draw in the body plan sections and level lines. The 
most important is the normal level line. This being fixed, the 
sections may be drawn in almost any manner consistent with 
fairness and the curve of areas, without any material effect upon 
the resistance. 

If the water line coefficient in either body is the same as the 
prismatic coefficient, the sections tend to become bulbous in 
character — i.e., broader below the water line than on it — ^and for 
this reason the water line coefficient is usually made a little 
greater than the prismatic coefficient of the body. A slight 
increase in fulness of the watei; line enables the bilge curve to be- 
eased, and avoids this tendency to bulbous sections and gives a 
much better bow line. Still more increase in area of water line 
will give sections decreasing continuously in width towards the 
keel. 

Vessels of Low Speed. — ^For vessels having prismatic coefficients 
of about -7 to -8, the load water line should be comparatively fuD 
ended, having a slightly convex or straight line entrance. The 
shoulder of the fore-end where it runs into the full beam can be 
fairly blunt if necessary. The higher the speed the finer must the 
entrance angle be made, and the greater must be the distance 
from the stem before the load line turns into the parallel body. 
At speeds up to 9-5 knots for a 400-foot ship, 60 degrees entrance 
angle (side to side) can be accepted. The body plan sections 
at the fore-end of the ship should slope inwards towards the 
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middle line from the load water line, with well-rounded heels, as 
this allows the water to find its way under the form with a 
minimum rate of change of curvature of flow. 

A midship section of about -98 with a little rise of floor gives 

a fairly quick turn at the bilge, and in a form having more than 

about 25 per cent, of parallel body is liable to show a comer where 

this sharp turn is merged into the tapering entrance and run. 

This can be avoided by adopting a flat floor line amidships and a 

bilge curve of larger radius, keeping the midship section coefficient 

the same ; or, of course, this coefficient can be reduced, but the 

latter method involves making the ends fuller to compensate for 

the reduction of area amidships. It can also be avoided by easing 

the lower level lines so that the perfectly parallel body does not 

extend so far either forward or aft at the bottom as it does at the 

load level. This gives a good shape, and is to be recommended 

for all vessels having large prismatic coefficient. The bow lines 

become easier and the flow of water to the screw is better. 

At the after-end the water line must be drawn so as to keep 
the point at which the slope is about 20 to 25 degrees, as far aft 
as possible, consistent with finishing at the rudder post without 
any marked change of curvature or hollow. When it is impossible 
to keep the slope of the lines down to quite this angle a cruiser 
stem, if it can be well immersed, carries a small advantage (about 
3 per cent, in an average good case) as it eUminates eddy formation 
at the higher levels. 

§ SS. Vessak of Higher Speed. — ^For these the case is different. 
In the full vessels easy stream lines are important, but with finer 
prismatic coefficient assuming a fair form easy stream lines are 
asBoredy and the avoidance of wave-making will now require 
special attention. 

Skin friction does not enter into the question at all. With a 
ixed curve of areas the effect of any change of water line coeffi- 
ient upon the area of wetted surface is very small. ^ With ordinary 
jrms having U-shaped sections in the fore-body, and V or Y- 
laped sections in the after-body, the water line coefficient may 
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be varied widely and the skin area will remain practically con- 
stant. But variation of the area of water plane affects the 
stability, and a comparatively large water plane is usually 
necessary to secure the required stability in the ship. As a rule 
it is obtained by filling out the after water line. The amount of 
filling can be roughly gauged from the figures in Table 21, which 
gives average values of the ratio of beam at the half length of 
entrance and nm to beam amidships for several types of ship : — 



Table 21. 




Type. 


^^, . Beam at Half-length 
Beam Amidships 




Entrance. 


Ron. 


Battleship 
First-class cruiser . 
Third-class cruiser 
Destroyer 


•67 
•67 
•67 
•68 


•88 
'88 
•82 
•98 



This filling out of the after water line gives the sections a V 
or Y shape, according to the relative fulness of after-body and 
water line. It also has the advantage for all vessels of high or 
moderate speed that it reduces squatting, and in twin screw vessels 
the full stem protects the propellers when the ship is going 
alongside wharves, etc. Taylor's experiments with models 
having the same dimensions and fore-body, and the same curve 
of areas for the after-body, showed that the shape of the section 
had no very large effect on the resistance. The models had a 
prismatic coefficient of *62, and a midship section coefficient of 
•98. The best result was obtained with an after-body in which 
all the sections were geometrically similar to the midship section, 
i.e., had vertical sides and flat floors, beam and draft being 
both decreased as necessary to obtain the desired area. This 
was some 3 per cent, to 5 per cent, better than the conventional 
form of stem. The worst shape was one in which the full beam 
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and a flat floor were retained in all the sections, this being some 
7 per cent, to 10 per cent, worse. 

So far as resistance is concerned a comparatively full water 
line aft is slightly better than a fine one for all moderate speeds 
(see Fig. 26). This requires a little qualification in the case of 
certain single-screw ships. In such vessels having a screw with 
the blade tips 2 or 3 feet below the normal load line aft, the water 
line should be kept fine enough to avoid any dead water, and 
the body plan sections can be filled out towards the keel 
without material detriment to the resistance or the screw 
action. 

So much freedom of treatment of the bow level lines is not 
possible if good results are to be obtained at moderate or high 
speeds. A fine entrance is essential for small wave-making. 
For vessels having 10 to 25 per cent, of parallel middle body a 
fine entrance with a little hollow in the water line gives better 
results at the service speed of such vessels than a fuU entrance 
with straighter lines, even though in the latter case the entrance 
is longer than in the former. The essential thing is not so much 
length of entrance as fine angles, which the former secures- 
For finer vessels both length and fineness of entrance are required 
to attain high speeds. 

Fig. 26 gives the residuary resistance for four of the models 
tested in connection with the experiments detailed in § 31. These 
four models have the same area curve. Numbers 1 and 4 have 
a fine water line in the stem with fine and full bow water lines 
respectively. Numbers 3 and 2 have a full water line in the stem 
with fine and full bow water lines respectively. These water 
lines are given in Fig. 18. It will be seen that the full bow water 
line gives double the residuary resistance obtained with the fine 
and hollow water line. 

For high-speed vessels y t.e., those whose normal speed V is 
greater than 'dVI^y it is more difficult to lay down a general law. 
The best form of water line depends to a certain extent upon the 
shape of the adopted curve of areas. Taylor's experiments 
show that with a full-ended curve of areas such as C and Z>, 
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Fig. 18, at all speeds it is an advantage to keep some hollow in the 
bow water line. But fine forms, whose area curves are hollow at 
the ends, as curves A and B, Fig. 18, give best results with only 
a moderate amount of hollow in the water line, and for speeds 
above that given by V==VIVL the form with the straight bow 
water line is the best. At these high speeds the form was slightly 
improved by fining down the stem load water line from its usual 
full form to a straight or even hollow curve. It must be remem- 
bered that the above results were obtained with forms whose 
prismatic coeflScients were -60 and -64 having no actual parallel 
body. The possible reduction of power by variation of the load- 
line in these experiments amounts to about 6 per cent, of the 
whole for the practical range of variation. 

§ 54. Hollow versus Straight Lines. — ^This question has already 
been considered for slow and intermediate steamers, and this 
section deals with the case of high-speed liners, cruisers, etc. 
Vessels of still higher speed, such as destroyers, are considered in 
§ 56. The half-breadth lines in the fore-body of the majority of 
fast liners, cruisers, and battleships are hollow towards the end. 
The same remark applies to the lower level lines in the after-body. 
With low prismatic coefficients hollow level lines are a necessity 
if a curve of areas suitable for high speeds (i.e., with hollow ends) 
is adopted, and the fore-foot and dead-wood aft are not cut away. 
It is possible, as in the case of sailing yachts, to maintain such a 
curve of areas and yet work the level lines without any hollow. 
But the block ooefficient of such vessels is very low, and the 
sweeping contours of stem and stem post adopted in them are 
poesible to only a limited extent in large vessels. 

For fine forms, the experiments by Mr. R. E. Froude, made 
specially to test the relative merits of hollow and straight-ended 
forms, give reliable data. His models had the usual cruiser type 
of stem, and for one set of experiments corresponded to the 
dimensions for ship given in Table 22. 

Both models had the same displacement and length, and the 

same height of metacentre, the beam being varied in order to 

obtain this. In model '' E " the level lines were practically 

x2 
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Table 22. 





Length 
between 
Perpen- 
diculars 

(feet). 


Beam 
(foet). 


Draft 

(feet). 


Displace- 
ment 
(tons). 


Midship 

Section 

Coefficient. 


Prismatic Coefficie&t 


Form. 


Fore- 
body. 


After- 
body. 


D 
£ 


490 
490 


74-5 
75-5 


260 
250 


14,458 
14,458 


•926 
•90 


•552 
•580 


•598 
•639 



straight towards the ends in both bodies. The lines of model 
•* D " had the usual amount of hollowness for such forms. As 
" E " had a greater prismatic coeflSoient than " D," its draft 
was reduced in order to maintain the same displacement. The 
tests showed ** E " required 8 per cent, more power to obtain the 
same speed. This large difference extended down to quite moderate 
speeds given by F='8V2/. Tests made with other models of the 
same type showed that the major part of this effect was produced 
by the change in the fore-body. 

A still greater difference was obtained with two models having 
the same principal dimensions and midship section. One had 
perfectly straight ends to all the level lines, and the other had the 
usual amount of hollow. The increase in displacement was about 
7 per cent. (4 per cent, in the bow and 3 per cent in the stem), 
and the increase of power 13 per cent, at moderate and 16^5 per 
cent, at high speeds. 

With regard to the effect on propulsion of the straightening 
out of the after-body lines, Mr. Froude's conclusion is : " The 
net upshot may be said to have been purely neutral as between 
straight and hollow lines for after-body, the balance of efficiency 
advantage which the screw experiments attributed to the hollow- 
line after-body being just about cancelled by the shaft tube and 
web advantage of the straight line one." 

This increase in resistance with the straight level lines is due 
to a great extent to the fact that the curve of areas obtained by 
their use is a bad one for all moderate and high speeds. For 
very high speeds it may be, and is in certain cases, an advantage. 
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Experiments with these models were also made in what repre- 
sented a very steep ground swell, all the waves having the same 
period. The increase in power required to maintain the speed was 
about the same with both straight and hollow line models, and 
was always greatest when the period of the waves as encoimtered 
by the ship, was some 12 per cent, greater than the natural pitching 
period of the ship. Although not conclusive, the results give no 
reason to suppose that with ordinary waves the smooth wklier 
advantage of the hollow line form is ever lost. 



CHAPTER Xm 

KACINO AND OTHBB HIOH-SPEBD VESSELS 

*:§*55. — ^This term includes all such vessels as pinnaces, de- 
stroyers, motor launches and hydroplanes, i.e., vessels whose 
highest speeds exceed that defined by the formula 

(p)=l'5, or V=2y/PL. 

Thus for a vessel of 325 feet length having a prismatic coefficient 
of -6 this critical speed is 28 knots. 

At the above speed the hollows and crests of the bow transverse 
wave system are coincident with those which the stem tends to 
form, and as a consequence wave-making is abnormal. But 
above this speed the bow system gets out of phase with the stem 
system, and as the speed is increased each tends to cancel the other 
and the height of the transverse waves formed at the stem of 
the vessel decreases. But the divergent waves emanating from 
the bow also tend to increase in size, and imless the vessel is 
specially shaped to prevent it, this increase is continuous. So 
long as the cancellation of the transverse waves mentioned above 
exceeds the natural growth in the divergent wave system, the per- 
formance of the vessel will improve. This is what happens with 
many destroyers whose lines are very fine. The divergent waves 
formed are comparatively shallow and have but a small velocity 
in the forward direction. 

Fig. 27 is a typical ^0) curve for a good type of destroyer, and 
it will be seen that above rpj = l-5 the m?) value steadily 

decreases, but is tending to the horizontal at the highest speeds. 

With such vessels the percentage of the propulsive power 

required to overcome the wave-making has been found to be 
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the same, and in some cases to be less at 50 knots than it is 
at 30 knots. The longer the water plane of the entrance and 
the gentler the curvature of the buttocks the less important the 
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divergent waves become, and these two things therefore favour 
the attainment of very high speeds. 

The curve of areas should have its maximum ordinate somewhat 
aft of amidships. It should have only a slight amount of hollow 
in it forward, and none is necessary aft. The shape of the curve 
of areas is not, however, of paramount importance, and may be 
varied within considerable limits, provided that in the operation 
due and proper regard is paid to fairness of the curve, and that 
the length of water line entrance is not materially curtailed. This 
elasticity of the area curve applies particularly to the after-body 
where the buttock lines are of most importance. 

Good water feed to the propeller is the essential thing in the 
after-body, and this can only be obtained at high speeds with flat 
buttocks. A quite full load water line at the after-ends helps 
considerably in this direction, and gives a fairly full-ended curve 
of cross-section areas in the after-body. A knuckle in the cross- 
sections at the after-end about the level of the load water line is 
not detrimental, as the stream line flow is practically fore and aft 
and does not cross the knuckle except at very low speeds. The 
load water line in the fore-body should not have any trace of 
hollow in it, and should have its maximum ordinate as far aft 
the midship section as possible. The maximum ordinate of the 
lower levels can be brought forward of the midship section without 
any detriment to the resistance, and this helps the buttocks a 
little. 

The introduction of a slight amount of parallel body would not 
have much effect at the very highest speeds, but in the neighbour- 
hood of fp) = 1*6, and particularly for speeds slightly in excess of 

this, parallel body would be a distinct disadvantage, as bad inter- 
ference of the bow and stem systems of waves would begin earlier 
and last longer. As parallel body in a fixed length also means a 
slight increase of angle of entrance, it is liable to produce worse 
divergent waves, and therefore higher resistance even at more 
moderate speeds, than the above. 

One other factor which is of greater importance than the area 
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curve is the Ud) value or ratio - — *i — -rr -> The higher this 

ratio, generally speaking, the higher is the hump in the nCH curve 

and the greater is the power per ton to reach any speed in the 
neighbourhood of, or exceeding, the critical speed given on the 
previous page. To increase the length, means a greater weight of 
hull, and up to the point at which the gain in machinery weight 
due to the decrease in power required, exceeds this increase in hull 
weight, something is to be gained by increase of length. 

§ S6. The Racing Motor Boat and Hydroplanes. — ^The highest 
development of the destroyer form is the racing motor boat. The 
hydroplane is the natural descendant of the latter, and the floats 
fitted to hydro-aeroplanes are simply hydroplanes built to satisfy 
certain special stability requirements. 

Of the energy put into the water in the entrance in the form ot 
wave or stream line motion, at the highest speeds, when V is 
about 2*6 to 4'OVL very little if any can be recovered at the stem, 
and the object to be aimed at in such a case is to reduce the water 
disturbance to a minimum. The disturbance created in the water 
by a travelling area of pressure depends upon two things — ^the 
intensity of the force, and the length of time it is acting at any 
point. The former depends upon the angle through which the 
stream lines are deflected by the passage of the boat, and upon its 
speed. The latter varies inversely with the speed. All parts 
which meet the water should therefore have the easiest possible 
angles and smallest possible curvature on those lines along which 
the water will naturally flow. 

In a racing motor boat the stream line flow is mostly along the 
bow and buttock lines, and these are more important than the 
levels. The comparatively flat buttocks required in a destroyer 
become still more necessary here. The attempt to lift the 
buttocks at the stem to any considerable extent would simply 
mean the formation of a suction area and consequent dead water 
under the stem, with large trim and increase of resistance. 
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Since these vessels lift their bows only partially out of the water, 

le long entrance is still required. The maximum ordinate of the 

>rnial still water plane may be placed well towards or even at 

e stem, as this gives easy angles, but no hollow is required in 

is level, and it may even be rounded slightly, as this gives 

ktter bow lines. 

In order to reduce the resistance due to the air and rough water, 

e bow should have a certain amount of flam with a turtle back. 

]ien the sections are f ormM with a knuckle line or chine, this 

ould be kept a little above the water forward so that it remains 

K>ve any small waves, as the trim ds always somewhat less 

rough water than in smooth. Table 23 gives the best 

radlable data for such vessels. It will be noticed that these 

otor boats have a beam of 5 feet or above, this being 

^nnd necessary for stability under helm with the high power 

lotors. 

In all ships there is an upward resultant force at the bows due 

> the downward deflection of the water. Compared with the 

isplacement of the ship, this dynamic force is quite small in the 

rdinary steamer, but it becomes of increasing relative magnitude 

[id extends over a greater length of the ship as speed is increased, 

[id if the hull is formed to take advantage of this force, the vessel 

ill lift partially out of water. In a true planing condition the 

Bssel is wholly supported by the impact of the water on its 

Dttom, which is sufficient to balance the weight of the vessel and 

ly suction that may exist at the stem. 

Experimental data for such boats is very scarce. It appears 

lat the effective horse-power of a hydroplane increases up to a 

srtain speed when the plane rises to the surface of the water. As 

leed further increases, the power may drop, and then gradually 

urease— approximately as the speed. Experiments made with 

dmmers and floats for hydro-aeroplanes show that the value of 

isplacement . , 

Mistance "" ^ ^"^^^ ^'^ ^^ ^'^ ^^ ^"® cntical speed when the plane 

^gins to lift to the surface. This ratio increases to about 7 when 
le hydroplane is planing on the surface at the top speed. These 
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ratios depend to a certain extent upon the angle of inclinatioii of 
the bottom, the above being approximately correct for an^es 
between 4 and 6 degrees. Experiments with a flat plate and with 
models, show that the most efficient angle for the bottom is from 
3 to 5 degrees at all speeds ; and most hydroplanes nm betweai 
these limits. 

The foUowing are some general conclusions based upon experi- 
ments made at the Froude tank and upon the close examination 
of results attained in actual practice : — 

(a) The keel should be straight, or nearly so, with little rise 
at the stem. The chine line should be markedly convex in plan, 
lifted at the fore-end 2 or 3 feet above the water line at rest. The 
rise of the chine should be not more than is really necessary for 
clean running, as the resistatlce is sometimes adversely a£tected 
by the increase in angle of the bow lines. At the fore-end above 
the chine, the sections should have considerable flam. Below 
the chine the sections should be kept fine at the keel, with an 
outward curl at the chine at the fore-end. When the boat is 
planing the trim by stem brings these fine lines to the surface, 
and it can then cleave through moderate waves with the least 
waste of energy. This curl can be kept distinct right up to the 
stem, or be lost in the general flam of the section a few feet abaft 
the stem, if the chine is not very full in plan. 

(b) At the centre of the boat the transverse sections below the 
chine must be flat, or nearly so. A convex section is stronger 
than a flat one, but it is not nearly so efficient a planing surface. 
If for the sake of obtaining buoyancy the sections must be dropped 
at the middle line, the horizontal surface should be retained at 
the sides near the chine. 

(c) Air must be admitted to the step if there is one. This can 
best be done either by breaking the chine line at the step and 
giving it less width aft of this point, or by a number of air pipes 
to the step. The former is much the more effective method. 

(d) A hydroplane which runs partially on the tip of the stem 
will do so with less water disturbance if this tip is a horizontal 
line rather than a point, and in plan the stem of the boat should 
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Ye^ blunt. A chine or knuckle line is required along the 
er part of the stem to prevent the water clinging to the sides. 
B section below the chine may be formed V or convex — the 
>p in the centre helps to avoid heavy " slamming " in a seaway, 
c) These boats depend for their transverse stability at high 
eds largely on the dynamic effect of the water on the planing 
4»m, but before reaching the planing speed the movement 
he water aroimd the form causes a considerable loss of stability, 
1 as the boat has to pass through this condition before it can 
ne, the beam must be sufficient to give larger statical stabiUty 
sn at rest than at first sight might appear necessary. 
/) The speed at which a boat will plane depends upon its 
ural numing angle, and the ratio of displacement to effective 
ng area. If A is the displacement in poimds, A the area of 
ng surface, V the velocity of planing in feet per second is 
m approximately by 

A _ f -04 V^ for stepless forms 

A \ '09 F* for forms with one step. 
) area is reckoned to the stempost in the first case, and to the 
) only in the second. 

Ixperimental results differ somewhat, but the above applies 
ly well for models running at the usual angles for the type 
5 degrees). Higher values of both these coefficients, ranging 
to double the values given, have apparently been obtained in 
ctice, but owing to the meagre data usually pubhshed, and to 
imbiguity, a certain amoimt of caution is required in accepting 
n at their face value. 

lying Boat Hulls. — ^The term flying boat means a flying 
hine in which the float is made boat shape and fulfils all the 
306e8 of the ordinary chassis of a land machine. The type of 
Lg machine which is supported by struts on a number of 
^8 — ^usually called a seaplane — ^is not dealt with here. So far 
deie propulsion on the water is concerned, flying boat hulls 
required to satisfy much the same conditions as hydroplanes, 
. in addition to this, have to meet special flying and stability 



126 SHIP FOBM, BESISTANOE AND 80REW PBOFULSION 

Fequirements. A step is necessary ; roughly below the centre 
of gravity. The planing surface of the fore-body, below the 
chine at the step, should be at a small positive angle to a hori- 
zontal fore and aft line, when the machine is floating at zest; 
and this angle should grctduaiUy increase towards the fore-end. 
The bow should not be longer than is really necessary to cany 
the load and to lift the chine to a reasonable height above the 
water, as a long bow means unnecessary weight and tends to 
directional instability in the air. All the transverse sections of 
the fore-body should have a certain amount of hollow in them 
below the chine on each side, so as to give a reasonably horizontal 
surface on each side close to and at the chine for beating down 
the water. The shape of section near the middle line is not very 
material to propulsion, but as the sea conditions are much the 
same as for motor boats, to some extent they must be met in 
the same way as regards shape of bow secUons. 

To avoid heavy blows when alighting on the sea, the sections 
near the step are given a more or less V shape, so that impact first 
takes place on a narrow surface at the keel. The angle of the V 
varies from 160 degrees in smaU to 130 degrees in large vessels. 
There is no marked propulsive advantage in increasing the num- 
ber of steps beyond two — ^f or displacements up to 45 tons the limit 

• 

of experimental data. The second step may be the hull taU 
suitably shaped, but in large machines it is better to introduce a 
step forward of this. The tail beyond this second step can then 
be lifted up to keep it clear of the water and to give better support 
to the tail planes. It is not necessary to make the width of this 

second step more than ^^ of that of the front step. Its chine 

line should be about parallel to that at the main step, and the 
section of the step should be a V, steeper than that of the main 
step. This reduces its efficiency as a lifting surface, which is 
not a matter of great importance in most hulls, but the ability 
to trim back to large angles is increased a little, and the efitect 
on the trim, of the water striking the second step when jJigti tin g 
on the sea, is much less than it would be with a flat step. 
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The contour of the after-body should be such as will allow 
id induce the float to set itself back to a reasonable extent under 
e water forces at moderate speeds, or under air control forces 
flying speeds. 

For good control near the flying speed, the hull should admit 
the trim being changed 3 to 4 degrees without the use of exces- 
re moments. Most flying boat hulls plane stalled back at 
arly the maximum angle, and the hull should be arranged 
lative to the chord of the wings, so that at high speeds the hull 
at its natural running angle when the wing chord is nearly at 
e angle for minimum flying speed. This natural planing angle 
pends on several factors of which the most important is the 
lative positions of the two steps and tail. In several successful 
pee the angle between the air wing chord and a line from the 
ine at the front step, to the chine at the second step (or to the 
Q where the tail acts as a second step) varies from 8 degrees 
I the Felixstowe type) to 11 '6 degrees (in the C.E.I, type). 
le wing chord is usually at a plus angle of 3*0 degrees to 5*0 
grees relative to the planing surface of the hull at the main 
yp^ but in new machines the attitude of hull to the wing surface 
[juires to be settled by tank experiments. 
The beam measured over the chines should be kept a minimum 
Dsistent with clean behaviour when fully loaded — a broad hull 
ds both to weight and air resistance. Satisfactory forms have 
en developed for large machines with length to beam ratio 
rying from 5*6 to 7*1, the beam being measured over the chines, 
lich project beyond the hull. Increase of beam beyond these 
[lits carries only a very slight advantage in reduced resistance, 
it suflScient to compensate for the additional weight involved 
Jess the machine is liable to be loaded very deep. 
General hull dimensions of several types are given in Table 24. 
le propeller of a flying boat is required to develop a thrust 
lich ai aU speeds exceeds the sum of the resistance due to the 
r wings and structure, and the air and water resistance of the 
ill. The ability of the machine to accelerate quickly to fljring 
eed and leave the water — an important point in every design — 
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8 entirely on this excess of thrust. At all low speeds the 
3r is working at excessive slip, with an efficiency of the 
{ -4, and in low-powered machines the margin of thrust 
) small. The resistance of the hull increases as speed is 
3d, until this reaches about -42 the minimum or '' getting- 
•eed, when the hull planes cleanly. This speed is usually 
he '' hump " speed, and at this point the hull resistance is 
I. quarter of the load on the water. As speed is increased 
wings take an increasing proportion of the load and the hull 
Lce diminishes fairly rapidly. The hulls have not a good 
)y as " planing " forms, the angle of attack (due to the 
I the after-end in side elevation) being too great for this, and 
io of load on the hull to resistance of hull, rarely exceeds 
ny speed, and 5*0 is a more ordinary figure, and this drops 
rably after the speed reaches •& the flying speed when the 
ift becomes small and the air resistance relatively large. 



CHAPTER XIV 



APPBNDAOBS 



§ 57. Shaft Casing and Bossing. — ^In deciding upon the system 
of propulsion the effect of shaft casing and bossing upon the 
resistance must be taken into account. The shafts and bossiog 
are bound to cause resistance, and this must be reckoned as a 
definite set-off against any other advantages accruing from in- 
creasing the number of propellers. Sub-division of the power 
leads to greater security against total disablement of the propeller 
apparatus, and facilitates sub-division of the ship. Twin-screw 
ships are handier in manoeuvring than single-screw ships, and 
owing to the smaller diameter of their propellers, the screws are 
immersed better at the lighter drafts or when pitching. Against 
these advantages must be set a possible slight increase in engine- 
-room staff and in first cost of machinery. But from the propulsive 
point of view the following points have to be considered : — 

(1) With twin screws it is possible to obtain a larger area 
of screw surface on a given draught. 

(2) The screws are situated in a better position relative to 
the stream line action, and better efficiency can be obtained. 

(3) Higher revolutions can be adopted with twin than 
with single screws — an advantage in engine design. 

(4) With every outboard shaft there is a certain loss due 
to the wash of the water past the brackets and shafting, etc. 

The first item affects the backing and manoeuvring power, as 
weU as the thrust per unit area of surface. The second and third 
are outside .the limits of this section. 

§ 68. RMistence of Shaft Casing, etc. — Shaft casing and bossing 
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are required to facilitate examination of the shafting, etc., but so 
far as resistance is concerned serve only to prevent eddy-making 
where the shafts leave the ship. For this they should be kept 
short and small ; where there is an acute angle between web 
and ship's side a " pocket " should be avoided by filling out the 
root of the web, and the after-edge of the web should have a taper 
finish of 1 in 4. The fashioning and web should be worked so that 
it causes minimum interference with the general flow of the water 
past the ship, which is shown by Fig. 5. 

The shaft itself must necessarily meet water which is flowing 
obliquely across it, and eddy-making must take place to a certain 
extent. A casing and web tends to prevent this eddy-making, 
but against this must be set the additional skin friction of the web. 

The resistance of shaft struts depends in a large measure upon 
their cross-section. With the usual blunt fore-edge and tapered 
after-end, provided this taper is not greater than 15 degrees, eddy- 
making due to form is avoided, and increase in length beyond 
what is required for this causes increase in resistance simply 
because of the increase in wetted area. The following formula 
gives approximately the resistance of struts provided that they 
are not put across the stream of water passing them : — 

Resistance in lbs. =-044 A x F^^. 

A being the area of the two sides of the strut, 
F the velocity in knots through the wake water. 

On an average this amounts to about 2 per cent, of the whole 
lesistance of a slow-running twin-screw ship. 

The most complete experiments with shaft bossings are those 

by Mr. W. J. Luke. These were made with a model of a twin- 

setew ship having a ratio of breadth to length of 6-8 and a block 

coefficient of '65. The webs and bossing were set to various 

angles from the horizontal, and experiments were made with and 

without screw propellers behind them. The diameter of the 

casiiig was f inch, the length of the model being 200 inches. The 

qptead of the screw centres was 5 inches to middle line, equal to 

one-mth the breadth of the model. 

k2 



132 SHIP FORM, RESISTANCE AND SCREW PROPULSION 

It wa43 found that the resistance of the model varied considerably 
with angle of bossing, as shown by the following table. 

Table 25. 
Effect of Angle of Bossing on Resistance of Model. 



Angle of Bossing to Horizontal. 


O^* 


22i° 


46» 


67i« 


Resistance with bossing and 
webs compared with naked 
model resistance 


> 1-097 


1-04 


1026 


105 



The experiments of Mr. R. E. Froude and Professor Sadler show 
the same advantage attaching to the bossing inclined at 45 degrees, 
and experiments with a model of the Kaiser Wilhdm der Orosse 
show the same increase in resistance due to fitting horizontal 
casings and webs. 

If the effect of the webs upon the action of the propellers be 
taken into account (as it should), Luke's experiments show that 
the direction of rotation of the screws is important, and an angle 
of 45 degrees, although about right for inward turning screws, is 
too much for outward turning. 

Exactly what is best for the latter is not known. The high 
wake produced at the propeller by the horizontal webs is not 
good for efficiency, particularly with fast-running engines, and, 
although the hull efficiency is increased by it, this was found by 
Mr. Froude to about balance the loss due to fitting the webs 
horizontally rather than at 45 degrees. The possible loss in pro- 
peller efficiency with the horizontal webs, makes it doubtful 
whether there is any net gain by fitting them, and, as it is fairly 
certain that they are more resistful than the inclined webs, it 
seems better in the present state of our knowledge to woik, even 
with outward turning propellers, webs inclined at an angle of at 
least 22^ degrees but not exceeding 45 degrees* 

§ 59. Rudder and Bilge Keels. — ^The resistance of an ordinaiy 
unbalanced rudder, if properly tapered at its after-edge so that 
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no eddy-making takes place, can be estimated from its total area, 
r^arding the resistance as being solely due to skin friction. The 
frictional coefficient should be taken as that given in Table 1 for 
the last foot of the 50-foot plank, with varnish surface, the formula 
becoming : — 

Resistance in lbs. =-0087 A X F»^. 

A being the wetted surface (both sides) in square feet, 
7 the speed through the wake water in knots. 

For many forms this resistance may be neglected, as the rudder 
area is small and the forward velocity of the wake water is very 
considerable. This is particularly the case in vessels with full 
after-lines, as incipient eddy-making is very probably present 
near the rudder-post. A model having a prismatic coefficient of 
run equal to '652 and length of run equal to 2-95 beams, showed no 
difference in resistance whether the rudder was fitted or not. 

If the rudder is under-hung, the frictional coefficient must be 
taken for its own length, and if it is placed immediately behind 
the propeller, the velocity should be taken as : — 

(velocity of ship) ^ ^ ^ , 

where 

B is the sUp of the propeller, 
w is the wake fraction (see § 71). 

The bilge keels, if properly placed — i.e., with their planes 
following the general stream flow past the ship — can be treated 
in the same way as the rudder. Another and simpler method is 
to reckon the area of the bilge keels as additional wetted surface 
of the ship and to increase the resistance due to the skin in the 
same proportion. If the bilge keels are placed obliquely to the 
flow of the water, the resistance will be increased very considerably, 
the amount varying with the sharpness of the keel edge and the 
angle of obliquity (see § 17). This eddy-making resistance can, 
however, be entirely avoided with care, without any detriment 
either to the efficiency of the keels to prevent rolling or to their 
ujBe as docking keels. 



CHAPTER XV 



BESTBICTED WATER CHANNELS 



§ 60. — If a vessel is passing through a channel of gradually 
restricted cross-sectional area, the cross-section of the stream 
tubes around the ship must also be gradually reduced, and the 
changes of velocities and pressures must therefore be increased. 
An example showing this effect for a given form has been worked 
out. Fig. 2 ^hows the pressures along the stream form in a 
channel having an area equal to six times the sectional area of the 
form, as well as in an infinite fluid. It will be seen that not only 
are the pressure changes increased by the smallness of the channel, 
but the distribution is altered, there being a longer belt of reduced 
pressure or increased relative velocity. 

Since the frictional resistance of any surface varies approxi- 
mately as the square of the velocity of the water passing it, and 
this is increased in shallow water, there will be an increctse in total 
resistance of any ship under these conditions. The percentage 
increase c^ frictional resistance will be practically the same at aU 
speeds, since it only depends on the increase of stream velocity, 
which is independent of speed and dependent only on the relative 
cross-section areas of channel and vessel, or in shallow water with 
no side boimdaries on the ratio of the mean depth of the vessel 
and the depth of water. 

In shoal water the conditions become more favourable for 
eddy-making. ^ Owing to the greater obliquity of the stream lines 
there is a larger demand upon each particle for a greater rate of 
change of pressure and stream line velocity, if it is to follow the 
ship's form at the stem, and therefore a greater chance of the 
stream line flow breaking down. The effect is somewhat the 
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same as with water flowing from a small into a larger channel. 
This also is an effect which is present at all speeds, and if it could 
be said that the formation of eddies was entirely independent of 
speed (which is roughly although not quite true), this effect also 
would entail a constant percentage increase of resistance at all 
speecLs. 

As the waves formed by a ship are due to the pressure disturb- 
ances caused by its movement, it follows from what has been said, 
that there will be a tendency toward greater wave-making in 
shallow water, provided that the waves created are related in 
speed, length, etc., in the same manner as with deep-water waves. 
But shallow-water waves, irrespective of their origin, differ in 
several respects from, deep-sea waves. The crests are more 
peaked, and the hollows are more extended, the wave therefore 
being of that changed character which the change, in stream line 
pressure roimd a ship in shallow water tends to produce. 

Professor Havelock has shown that a travelling point of 
pressure creates waves of greater divergence in shallow than in 
deep water, and this divergence increases with speed, and ulti- 
mately at a critical speed they are all concentrated in a large 
transverse wave somewhat similar to a wave of translation. 
Above this speed only divergent waves are possible. The 
critical speed is given by 

F«=ll-5xd, 

F being the speed in knots, d the depth of water in feet. 
It is reasonable to suppose that if this pressure were distributed 
about the supposed travelling point its effect would be much the 
same, and in a ship the formation of a large transverse wave may 
be expected at this critical speed. This is actually what takes 
place. As the critical speed is reached the transverse waves 
become more marked and the vessel trims rapidly by thp stem, 
due to the pressure changes in the water. At the critical speed 
the bow is lifted on a long shallow bow wave, and a single broad 
transverse wave is formed at the stem. The latter wave is 
steeper on its front face than on its rear, and in some cases gives 
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the impression that it is about to poop the vessel which is creating 
it. At higher speeds the wave pattern consists of a well-marked, 
divergent system with only a slight indication of transverse waves, 
and the vessel trims somewhat less by the stem than in deep 
water. The extent to which this phenomenon increases the wave- 
making resistance, depends upon the relation of the critical speed 
for the depth of water, to the wave-making speeds of the vessel. 
The velocity of a wave of given length in shallow water is less than 
that of equal length in deep water. It follows that a ship will 
tend to make waves at a lower speed in shallow than in deep water. 
The more nearly a ship's natural wave-making speed approaches 
that critical speed appropriate to the depth of water she may be 
rimning in, the greater and more emphatic will the wave-making 
become. 

There is a fairly complete and reliable collection of data on this 
subject, which may be divided into two classes, that pertaining 
to vessels whose speed is : — 

(1) High for their length, such as destroyers, motor 
boats, etc. ; 

(2) Moderate for their length. 

§ 61. High-Speed Vessels. — Fig. 28 shows the results obtained 
in shallow and deep water with H.M.S. Cossack, The dimensions 
of the ship and the water depths are given on the diagram. It 
will be seen that the speed for maximum increase of resistance in 
the shallow water also gives the maximum change of trim, and 
that above this speed the resistance soon becomes less than that 
experienced in deep water, and remains less at all higher speeds. 

This effect is also illustrated by the trials of a " River " class 
destroyer of Thomycroft build, which attained 2*5 knots more 
in deep water than on the Maplin mile of 7 to 9 fathoms depth. 
These vessels were designed for a speed of 25 knots in deep water, 
and this approaches very closely to that for the worst possible 
results on this course, particularly at or about high tide. 

Similar results have been obtained on the trials of Danish 
torpedo-boats and other high-speed craft in shallow water, by 
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Fm. 28.— Effect of Depth of Water. 
Higb-ipaed v««el. 

!tr Paulas in trials of the German torpedo-boat S 119, and by 
'■ Yarrow in trials with H.M.8. Usk. Alt of these results on 
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full-sized ships show that these high-speed vessels, travelling in 
water of depth d in feet, 

(1) experience their maximum resistance at a speed F, given by 

F2=lld, 

as theory leads one to expect ; the effect being more emphatic the 
shallower the water. The constant in the formula given is 
slightly lower at speeds which are high compared with the natural 
wave-making speed of the boat, and slightly higher at lower 
speeds. 

(2) Above this critical speed the propulsive power required at 
first increases only very slowly compared with the increase in 
deep water, and ultimately the power required to drive the vessel 
in shallow water becomes less than that in deep water at the same 
speed. 

Experiments with models of torpedo-boats published by Major 
Rota and Mr. Yarrow show very much the same phenomena, and 
agree with the formula for the critical speed derived from the full- 
sized vessels. 

§ 62. Moderate and Low-Speed Vessels. — Shallow water pheno- 
mena are theoretically the same in their broad characteristics for 
all ships irrespective of whether their form is adapted to low or 
high speeds, and every vessel if forced to sufficiently high speeds 
(as can be done in model experiments) experiences the abnormal 
humps followed by depressions in its resistance. At very low 
speeds the increase of resistance is not very noticeable, but it 
becomes more and more emphatic for given depth of water as the 
speed increases, the growth of resistance becoming abnormal at a 

speed given by : — 

F2=6-0xd. 

At lower speeds the increment of resistance is largely that due to 
increased stream line velocity, the abnormal rise commencing as 
the depth of water becomes more favourable to wave-making. 

Below this wave-making speed no general law can at present be 
given for the amount of the increase of resistance due to shallow 
water. The experiments of Professor Sadler and Mr. Taylor show 
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that it is practically independent of the length of the vessel, and 

*u ^-^-j ^ un ^v. ^. mean depth of midship section. 

that it depends chiefly upon the ratio j^—xi: — i — r 

^ "^ ^ depth of water 

The greater the ratio the sooner this effect becomes marked, and 
the greater is the shallow water increment. Prismatic coefficient 
i^peajB to have little influence at speeds below that given by the 
preceding formula. This can be seen from Fig. 29, which gives 
the results of some recent experiments with models in shallow 
water. The figure gives the increase in resistance per ton dis- 
placement of ship at two speeds, the ordinates being plotted to a 
t^ ^j mean depth of midship section j,^„ ^,^^^ ^^^^^^^^ 

depth of water 
varying from -66 to '68 were tried with varying midship section 
areas. The particulars of these models are given in Table 19. 

These experiments show that in shallow water there is no gain 
as regards resistance by adopting a large midship section area, 
when this means a deep draft, even though it gives better results 
in deep water. 

Johann Schiitte's experiments with models of an Atlantic liner 
and a cargo-boat support the above results, and it will be noticed 
that even at a speed given by F^=2'88d there is a material 
increase of resistance for all depths of water tried in the experi- 
ments. For practical speeds Schiitte's experiments show that 
the following depths of water are required in order to be entirely 
free from shallow water effects : — 

Destroyer, more than 14 drafts. 

Fast liner, about 7-5 drafts. 

Cargo-boat, more than 5 drafts, but not more than 7. 

The increase in power required to steam at speeds well below 
the critical speed for the depth of water is shown by the following 
trial results of two warships : — 

H.M.S. Edgar in deep water steams at 2 1 knots, but in 1 2 fathoms 
with the same power she can do only 20*25 knots. The Edgar has 
a midship section area of approximately 1,150 square feet, mean 
depth of midship section of 22*5 feet^ length between perpen- 
diculars of 360 feet. 
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HJi.S. Blenheim in deep water steamed at 21*5 knots with the 
8am6 power as develoi>ed only 20 knots in 9 fathoms. Her mid- 
ship section area is 1,320 square feet, mean depth of midship 
section 26'6 feet, length between perpendiculars 375 feet. 

One important effect of shallow water is the increased sensitive- 
ness of the stream line flow. Mr. Taylor, in giving the results of 
his experiments, pointed out that unstable eddies caused the 
resistance to vary radically at high speeds, and even at low speeds 
the results required some fairing. This eddy formation must 
necessarily produce bad manoeuvring in any ship working under 
the same conditions. 

§ 63. Width and Depth of Channel. — Schiitte has tested several 

forms in channels of varying width and depth, and in what may 

be called open and unlimited water. Taking first the case of a 

cargo-boat. The increase in resistance at any speed over the 

open water value was approximately the same for a broad and 

shaUow channel as for a narrow and deep channel, provided the 

^. depth of water . .i r , width of channel . ^, 

Jratio / r. r u- — ^ *be former and — r: j-^r-, m the 

draft of ship beam of ship 

latter were the same. This only applies to the ordinary low 

speeds at which such a vessel would nm, when wave-making is not 

very important. Over this range of speed, the percentage 

increase of resistance was roughly constant for any given size of 

channel. 
At higher speeds, experiments with models of an Atlantic liner 

and a torpedo-boat show — (1) the speeds at which humps occur 

* T6smtaiice 

in the curve of -. — i — :^— ra ^^ slightly lower than in open and deep 

water, but (2) these humps and the succeeding hollows become 
mcjre emphatic the narrower the channel. Table 26, p. 142, 
gives the percentage increase in resistance found with the above 
two models at various speeds. The figures, however, are not 
very accurate, being obtained from small scale diagrams, but 
they serve to show that a width of chaimel of at least eight 
beams is required for the liner and ten beams for the torpedo- 
Wt to get the same results as in deep water. 
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Tablb 26. 
Eflfect of Width of Channel. 





Number of 
Beams in 
Width of 
Channel. 


Percentage Increase on Resistanoe at 
(Rvalue. 




20 

7-0 

1-6 

•4 


1-75 


1-6 

7-5 
51 


1-25 


1-0 


•9 

9-5 
7-0 
1-6 

26-0 
6-7 
30 


•8 


•7 


Torpedo-boat : 

Block coefficient '45. 
Prismatic coefficient, 
about *6 

Atlantic liner : 

Block coefficient, *61 
Prismatic coefficient, 
about '04 . 


3-4 

• 5-67 
7-9 

3 
6 

7 


16-3 
80 
1-6 


320 

12-0 

4-7 


9-5 
7-4 
2*5 

20-6 
1-6 


16-5 
4-3 
2-0 


9-2 
41 



Note. — The bad wave-making speed of the torpedo-boat in deep ii-ater is eijen by 
p ]= 1*5. The highest service speed of the liner would be approximately ( P Jes>& 



© 



When the channel is both narrow and shallow there would be 
the same tendency to form the shallow water wave, but the actua] 
wave formed would be affected by the width of the channel and 
the speed at which the vessel was running — i.e., whether this 
speed was one at which the ship tended to form waves in deep and 
open water. But the shallowness appears to be more important 
than the width, and would be the main factor in determining the 
extra resistance. 

Some tests were made at Uebigau with a number of similar 
models of different sizes. These were tried in two channels, one 
of which had a cross-section area nine times greater than the other, 
both having a breadth twice the depth. These experiments gave 
the following results : — 

(a) An area of channel 200 times the midship section area of 
the model had no effect up to speeds given by F*=5«0i. Above 
this speed the usual shallow water hump occurred at about 
F^=10d, and at higher speeds the resistance was slightly lower 
in the channel than in open water. The increase of resistance at 
the hump was 4 per cent, for a model of draft equal to *05£{, and 
12 per oent. for a model of draft equal to Id. 
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(6) An area of channel 51 times the midship section area of the 
model increased the resistance at all practical speeds, this increase 

being of the order of 8 per cent, at ^^=-78. With a fine form 

(prismatic coefficient '6) the increase of resistance was continuous 
up to the critical speed for the depth, and exceeded 22 per cent. 
at this speed. With a fuller and deeper form (prismatic coeffi- 
cient •S) the resistance hump and hollow at rpj=-8 to 1-1 was 

exaggerated in the small channel, and the percentage increase of 
resistance over the open water value varied considerably in 
consequence. When the speed exceeded that given by V^=5d 
the resistance increased enormously. This model had a draft 
one-fifth the depth of water in the small channel, the draft of the 
former one being one-tenth. 

(c) In a channel of cross-section area 22*8 times that of the 
model the resistance of the fine and shallow form was increased 
from 4 per cent, at quite low speeds to 45 per cent, at a speed 
given by V^=5'0d, and much higher figures above this speed. 
For the fuller and deeper form (draft=«33xd) the resistances 

were increased 12-5 per cent, and 30 per cent, at speeds given by 

y 

-j-=l-15 and 2*6 respectively. 
a 

It will be seen that in a confined channel, the deep vessel suffers 

more than the shallow one, and that a cross-section area of channel 

about 200 times that of the vessel is required at all normal speeds, 

if the resistance is not to be affected by the boundaries. At low 

speeds a smaller size can be allowed, the necessary ratio of areas 

being about 150. In the previous pages it has been shown that 

there must be a depth of water equal to 14*0 to 7*0 drafts when 

there are no side boundaries, and a breadth of channel equal to 

10-0 to S'O beams when the water depth is very great.. When 

both side and bottom boundaries are present these numbers 

naturally increase somewhat, as shown by the above results. 

§ 84. BargM and Canals. — ^It was demonstrated many years ago 
by Soott Bussel that a barge could be towed in a narrow and 
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shallow canal much easier at high speeds than at low, and that at 
a certain critical speed which had to be passed to attain this result 
the resistance was remarkably high and the wash on the canal 
banks very destructive. This critical speed he found to be that 
at which a wave of translation proper to the canal depth would 
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Fig. 30. — ^Additional Resistance in Canals. 

Barge Forms. 

travel, and is given by the formula in § 60. This speed is, how- 
ever, too high for the usual run of canal-boats, being 8«1 knots for 
a depth of 6 feet. 

In considering this matter it must be remembered that the 
usual type of canal-boat has a very high block coefficient (generally 
above '9), which necessitates blunt ends. Irrespective of any 
eflEect of the restricted area of the waterway, however, these 
vessels are not suited for running at high speeds, owing to the 
growth of wave-making and eddy resistance. Moreover, in many 
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inland canals there is a definite speed limit which must not be 
exceeded. This speed has been fixed mainly with the idea of 
preventing the banks from being destroyed by the wash of the 
waves created by passing vessels, and averages about three* 
miles per hour, and it is at this and lower speeds that the effect of 
the restriction of area is of greatest interest. 

Reliable data on the subject is scarce, but from such as is 
available the following conclusions may be drawn : — 

(1) Canais which are broad and shallow give worse results than 
deeper and narrower canals of the same sectional area. This is due 
to the fact that a vessel requires a certain depth of water between 
it and the canal bed. If this depth of water is not available, the 
stream flow under the bottom becomes very unsteady and the 
resistance is increased due to the consequent increase of eddy- 
making and erratic motion of the vessel. This depth appears to 
be not less than 1*5 feet, and if possible 2*0 feet for canals of about 
7*0 feet total depth. 

(2) The resistance in the canal depends very largely upon the ratio 

area of canal waterway mt. • x • ^ i. 

. J T-^ .^ . . The resistance m a canal may be 

immersed section of boat *^ 

divided into resistance in open water and added resistance in the 

canal. Experiments made by M. de Mas show that this added 

resistance for speeds up to 2*3 miles per hour may be written in 

die form 



«-(£r)'-^'- 



R and r being resistance in lbs. in shallow and deep water 

respectively ; 

A the immersed sectional area of the boat in square feet ; 

V the velocity in feet per second ; 

,, , . (area of waterway). 

n the ratio ^ ^ =^ 

A 

* This figure does not apply to intersea canals, the speed limits for 
these being as follows:— Sues, 5*3 knots; Kiel, 8 knots light draft, 
6*6 knots if dxait exceeds 16 feet. The speed in the Manchester Ship Canal is 
8*0 knots for ooasters and 6*0 for liners. The canal is 28 feet deep for about 
120 feet width with shelying sides beyond. 

■jr. ^ 
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The spots in Fig. 80 are obtained from the experiments with the 
vessels whose dimensions are given in the following table, and the 
curveput through them represents the equation on p. 145. 

Table 27. 
Dimensions of Barges and Values of -j^r^ in Open Water. 



Barge. 


Length 
(feet). 


Draft 
(feet). 


Cross- 
section 
Area 
(square 
feet). 


Dis- 
place- 
ment 
(tons). 


Block 
Coeffi- 
cient. 


r 

AV* 

at Speeds (foot 

seconds) 




1-64 

•26 
•59 
•51 
•51 
•61 
•51 
•51 
•78 
10 
•20 
•44 
•39 


328 


492 


6-56 


Prussian boat . 

Tcwe-boat 

Alma 

Bene 

Adrien 

FluU 

Peniche 

Jeanne • 

No. 2, Fig. 31 . 
No. 8, Fig. 31 . 

No. 4, Fig. 31 . 


112 

118-4 1 

124-6 
99-4 
67-4 

123 

125 

99 1 

jlOO { 
100 1 


4-27 
3-28 
4-27 
5-25 
6-25 
5-25 
6-25 
4-82 
6*94 
3-28 
4-27 
6-25 
4-67 
100 
4-05 
•87 


69 
54 
70 
86 
86 
86 
86 
79 
97 
53 
70 
84 
106 
22 
92 
20 


200 

226 

286 
226 
148 
256 
337 

247 
45 

247 
45 


•93 

•97 

•99 

•82 
•94 


•24 
•49 
•41 
•38 
•39 
•38 
•38 
•51 
•71 
•43 
•39 
•35 
•21 
•49 
•39 
•62 


•244 

•47 

•41 

•37 

•376 

•376 

•375 

•42 

•72 

•18 
•43 
•33 
•57 


•26 
•47 
•42 

•39 
•40 
•40 
•40 
•49 
•77 

•23 
•36 
•42 
•5> 



Notes. 

Peniche is slightly rounded at each end, and the bottom out away slightly at stem 
and stern. 

The toue-boat has a square stern, but is cut away more than the Peniche at the bow. 

In connection with the above, the following results obtained by Herr Gebers with 
box-shaped models are of interest. The boxes had a perfectly square section through- 
out, the breadth being equal to the draft. The values of -jp-, obtained 

With length equal to ten beams, 1^16. 
With length equal to five beams, 1*10. 



This table also gives the values of -j™ for the barges in open 
water, so that the percentage increase due to the canal may be 
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Fia. 31. — ^Barge Forma. 

obtained. Incidentally the table shows the great decrease hi 
icostanoe resulting from a slight fining of the bow of the barge 

La 
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The extra resistance which a barge experiences in a canal is 
partly due to the heaping up of water across the canal in front 
of the barge, and if a finer entrance was used on these forms the 
canal resistance would drop considerably, as the water could more 
easily pass to the rear. This advantage of a fine entrance would 
be felt in open as well as in restricted waters. 

(3) Any advantage due to its form which a barge may possess in 
open water ^ is to a certain extent masked in the canal, but is never 
obliterated. In every case the canal boat which towed best in the 
river Seine was found to tow best in the canals, the difference in 
resistance of two boats at the same speed being roughly the same 
under both conditions. Taylor's experiments, already discussed, 
seem to indicate that this may not be true for much finer vessels, 
but although there may be limits to the above generalisation, they 
are so far removed as not to affect its application to the type of 
vessel considered. 

(4) The choice of form for a towed barge wiU depend largely 
on the chara^Uer of the traffic, i.e., whether the tow is short or 
long, and whether there is a train of barges or only one. Taking 
the case of the short tow, Sadler's experiments show that a form 
as Type 2, Fig. 31, gives a good performance, either singly or in 
groups. But Type 4 carries a bigger load on given dimen- 
sions, and in groups, towed stem to stem, is little worse than 
Type 2. 

For a long tow. Forms 2 and 8 are both reasonably good for 
resistance in deep and shallow water (see Table 27). A better 
form than either of the above for working singly, especially for 
deep water, can be obtained by using a little more rake of ends 
than that of Type 2, and by roimding the ends into the sides and 
bottom. For long trains of barges, towed stem to stem. Form 4 
is as good as any, and for given displacement is decidedly the 
best in very shallow water. But taken singly, even in shallow 
water, either Types 8, 2, or 2 modified, are better than Type 4, 

(5) A rake of end greater than that of type 2 serves no nsefnl 
purpose, and is bad for barges working singly, if the ends are not 
rounded into sides and bottom. Taken in trains end to end, a steep 
end eliminates the eddymaking between the barges, so that these 
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ehow to advantage for such work. The same general effect is 
obtamed with a square deck line. This generally gives a larger 
resistanoe than a form in which the sides are rounded in towards 
stem and stern, but if worked in long trains this difference becomes 
smaller, and in some cases may be reversed. 

■ 

(6) Where resistance is of any importance, steel barges are 
much more economical than wood, as the wood surface quickly 
roughens and splinters, causing a large increase in resistance, 
this increase, with a very moderate roughening, being some 
20 per cent (see Table 1). Once a wood surface has been splintered 
and roughened by usage it cannot be restored, and painting has 
little or no effect. From thence onward this excess resistance due 
to the roughness must be accepted. But a steel surface can always 
be made good by cleaning and giving it a coat of tar or paint. 

(7) In deep water, the power required to tow a train of barges 
increases, roughly, with the number of barges. In shallow water 
a long train is much better than a broad one. With only a little 
water between barge bottom and river bed, a long train, towed 
stem to stern, will have little more resistance than a short one. 
This conclusion is supported by actual experience, and by the 
results given at the foot of Table 27 for a rectangular parallelo- 
pipedon. 

(8) Whatever the form, to tow two barges abreast is very 
inefficient. The resistance varies from four times that of a single 
barge, in deep load condition, to three times the resistance with 
lighter loads. A third barge placed in front of two abreast adds 
little or nothing to the resistance of the train. 

(9) If a barge is to be self-propelled it requires to be cut away 
considerably on its buttocks, the shaft line should be kept as low as 
possible, and the propeller as far aft as possible to give it solid water 
in which to work (see Table SO for results with two self-propelled 
barges). It is better practice, however, to work a train of full-ended 
barges and to tow these by means of a vessel specially designed 
for the purpose. 

(10) Provided barges are towed at low speeds, so that the 
resistance varies as the square of the velocity, the speed up stream 
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against a current, requiring the minimum expenditure of energ 
per mile of tow, is 1'6 times the velocity of the current, i.e., velocit; 
over land one-half the velocity of the opposing stream. This is o 
course only one of many factors commercially, and become 
important only on rivers, etc., with fairly rapid currents. 






PAETH 
THE SCBEW PROPELLER 

CHAPTER XVI 

SOBBW PROPELLBB NOMENCLATUBE AND GEOMETRY 



§ 65. — ^The driving faee or front of a screw blade is the surface 
which is seen by an observer looking from aft to forward. 

The back of a blade is that which is seen by an observer looking 
from forward to aft. 

The leading edge of a blade is that which leads or cleaves the 
^ater when the vessel is going ahead under the action of its own 
propellers. 

The trailing edge is the other edge of the blade. 
The developed area of a blade is the actual area of the blade 
surface irrespective of its shape. 

The developed area of the propeller is the sum of the developed 
^reas of its blades. 

The projected area of a blade is the area enclosed by perpen- 
diculars from the edge of the blade on an athwartship plane. 

The projected area of the propeller is the sum of the projected 
c^ieas of its blades. 

The disc area of a propeller is the area of the circular section 

swept by the blade tips, and equals ^ (diameter)^. 

TU-. J* ^ i'^ • XI. X X- developed area of screw 

The disc area ratio is the fraction ^. . 

disc area 

The blade width ratio (6) is the fraction 

maximu m width of b l ade along its surface 

radius of propeller ' 
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The developed surface of many blades takes the form of an 
ellipse having the radius of the propeller as the major axis, the 
ellipse necessarily being cut away at the boss. In this case 6 is 
the ratio of minor to major axis. 

The mean width ratio is the ratio of the mean width of the blade 
clear of the boss, to the diameter of the propeller. 
The root thickness of a blade is its maximum thickness at the 

boss square to its face, ignoring any rounding 
at the joint of blade and boss. 

The blade thickness ratio. If the median 
lines on the face and back of a blade be pro- 
duced to the centre of the propeller where 

their width apart is t (see Fig. 32), then ji 

is called the blade thickness ratio. 

Rake. A propeller blade is said to be raked 
forward or aft, according as the centre line of 
the blade at the tip is forward or aft of the 
centre line at the root. The rake is usually 
expressed in degrees inclination to the trans- 
verse plane, of the line joining these two points. 
A helicoidal surface is that traced out by a 
line AB (Fig. 33), of which one point A moves 
at uniform rate along a line CD whilst AB is 
revolving around it at uniform rate. 
A blade of uniform pitch is one whose face is a portion of a true 
helicoidal surface, and its pitch is the distance A advances whilst 
AB makes a complete revolution. 

A surface is said to have increasing pitch when the pitch at the 
trailing edge is greater than that at the leading edge, i.e., when the 
generating line'-4-B (Fig. 33) advances along the line CD from 
leading edge to trailing edge with increasing speed whilst it con- 
tinues to revolve at imiform speed. 

If the point B advances in the direction CD faster than the 
point E, then the pitch at -B is greater than at E, or the pitch is 
said to increase towards the tip. 




Fig. 32. 
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The face piteh of a propsllBr ib the mean of the face pitches of 
an its blades. 

The elteetivB or analysis piteh of a propeller is that calculated 
from the revolutions of no thrust. Thus, if at speed v in feet per 
minate the propellet develops no thrust when the revolutioaa 

are r per minute, the effective pitch is given by ~. When the 




thrust of the propeller is zero, the &hp calculated from this pitch 
is also zero. 
Let P = pitch of the propeller face in feet ; 
D =diameter of propeller in feet ; 
N =namber of revolutions in hundreds per minute ; 
V = speed of the ship in knots ; 
Fi=8peed of advance of screw through wake water in 

knots ; 
^,= revolutions tor no thrust, in hundreds per minute, at 

the ship speed V. 
Pr=effective pitch of the propeller. 
Then apparent slip 

, PN-Vx 1013 



effective slip 



PN 
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Unfortunately the value of P,. is very difficult to determine .with- 
out careful trials, and in consequence it is not generally used. 
The apparent true slip or as it is usually called the slip is given by 

PN-VrXV0l3 

This is the real slip of the propeller if the actual or effective pitch 
were the same as that of the propeller face. 



G 

^1 



^" fl 




Fio. 34. 

For definitions of wake, thrust deduction,' hull efficiency, etc., 
see § 71. 

Slip angle and pitch angle. Consider any portion of the blade 
surface of a propeller of pitch P and let the diameter of this 
portion be D. In Fig. 34 draw 

OL=ttD and FL=P 

Then if the triangle OFL were cut out and wrapped around a 
cylinder of diameter D keeping the line FL parallel to the axis of 
the cylinder, the line OF would form a helix, and a section of the 
blade would be as shown by AOBC. 
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The angle is called the pitch angle of the section. If the 
section is working at slip 6, make 

FE=8(FL) 
where 

^ N 

so that 

The angle EOF is called the slip angle of the section, and is the 
inclination of the plane of the section to the direction of its 
motion. 

Since FE and EL are the same for all parts of the same screw 
provided it has uniform pitch, it follows that <f> is constant for all 
parts of the blade having the same diameter, but decreases as D 
increases. If the pitch of the trailing edge is greater than that 
of the leading edge, draw LO equal to this new pitch. Then the 
slip angle of the trailing edge is OOE^ and the blade section at 
this diameter is as shown by A^OBO. 

Pitch Ratio is the ratio of the face pitch of the propeller to 
the diameter. The effective or analysis pitch ratio is obtained 
in the same way, using, however, the analysis pitch. 



CHAPTER XVn 

THEORIES OF THE SOBEW PROPEIXER 

§ 66. — ^A screw propeller is a means of pushing a ship forward 
by thrusting water aft. For this two things are required : — 

(1) An unobstructed and free supply of water ; 

(2) A mechanism which shall only thrust aft, and not rotate 
the water, or waste energy by shock. 

These conditions are ideal, but the more nearly they are 
approached the more eflScient becomes the propeller. The 
method by which the propeller thrusts the water aft is known only 
in a general way. Probably the nearest approach to the truth 
is the ideal propeller theory advanced by Mr. R. E. Froude. 

In this theory it is assumed : — 

(a) The propeller mechanism is frictionless and that no 
energy is lost in heating the water or in causing eddies. 
(6) The race column is complete and has a imiform velocity. 

(c) The pressure in the outer layer of the race is the same 
as that of the surrounding water, i.e., the same as it had 
before the propeller acted upon it. 

(d) There is an unlimited supply of water. 

(e) That at the front the streams are drawn or sucked into 
the propeller, and at the rear are thrust backwards owing to 
an excess pressure, the streams contracting towards the race 
owing to the increase in velocity of the particles. 

Writing F^ =the relative velocity of the screw to open water ; 
TJ =the stemward velocity imparted to the water ; 
T =the thrust of the propeller ; 
i;^ = velocity of the water at the propeller ; 
Q =the quantity of water acted upon per second, 
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we have 

T=-QxU . . . . (1) 

g 

and the work expended per second in slip 



therefore 



=T{v^-V,)=i'^QxU^; 



(t^D-Fi)=§ .... (2) 



that is, one half of the stemward velocity has been received by 
the water before it reaches the propeller. 

This velocity is largely due to the suction of the propeller. 

Taylor has explored the pressures existing around a working 
screw and has found that there is a considerable reduction of 
pressnre in front of it — appreciable to 1*5 diameters ahead of it. 
This reduction, expressed in terms of the screw thrust, was 
broadly speaking independent of the pitch ratio and slip of the 
propeller. 

The useful work done by the propeller=5rx Vi, the total work 
done by the propeller=5rxt;2>, and the efficiency 

(3) 
This may be turned into a more useful form by writing 

and equation 3 becomes 



'=('-i) 



(4) 



If the race is rotational, assuming that the angular and trans- 
lational velocities imparted are the same throughout the race 
ccdumn, the equations for thrust and efficiency become 
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'?--^(l-4f;2-j ... (6) 

2 

where r is the external radius of the race column and w the 
angular velocity of the race. 

It will be seen that the loss due to rotation of the race consiste 

in a term -^ f -^ ] . The bracketed part of this is the tangent of 

the inclination of the spiral path of the race particles with the 
line of motion. Fig. 35 represents the motion taking place. 



<«c Vi 



Fig. 35. 

These f ormulse 4 and 6 give the ideal efficiencies which are possible 
under the assumptions made, and show in a general way the dis« 
advantage of rotation of the race, which becomes more noticeable 
when for any reason the slip becomes large. This may explain 
the advantage which is sometimes derived in a screw propeller 
by fitting guide blades at the rear of the screw. 

If Z)=the diameter of the propeller, from equation 2, 

and multipljring equation 1 throughout by F^ 



TV^=i -D^V{~ ^,- foot-pounds, 

^ 4t g ^ (1— «/)* 






which is a formula for the maximum power a propeller will 
deliver. 

These formulae do not represent the actual case of a working 



THEOEIES OP THE SCBEW PEOPELLER l59 

propeller owing to the fact that the assumptions made are only 
partially realised in practice. Every fluid is frictional, eddies are 
formed, the ship's form impedes the flow of the water, the com- 
pleteness of the race column depends upon the form and disc area 
of the propeller, and for all these reasons the actual case differs 
from the ideal. 

Provided that the blades of a screw did not interfere with each 
other's action (which they do), and that their thrust was propor- 
tional to their slip angle, the race velocity U would be propor- 
tional to the slip of the blades, and in this case the term 8^ would 
be a measure of the slip of the screw. The f ormulse may therefore 
be regarded as giving ideal thrust and efficiency in terms of slip 
(effective), provided the above assumption as regards the actual 
propeller thrust is true — ^which is the case for all moderate slips. 

§ 67. — Of the other theories of the screw propeller three only 
need be mentioned — ^viz., those of Bankine, Greenhill, and W. 
Froude. 

Bankine assumed that the propeller in thrusting the water aft 
gave it a spiral motion and that there was no change of pressure 
in the race — i.e., the streams contract suddenly in passing through 
the screw — and that the race forms a complete column. The 
centrifugal action causes a change of pressure and the loss of 
thrust due to this can be calculated, as also can the loss by skin 
friction. 

Greenhill assumed that the propeller gave no stemward but 
only rotary velocity to the water — i.e., there was no contraction 
of the streams — and that the thrust was due to the incre€U3e of 
pressure in the race. This rotary motion, however, produces a 
pressure at the axis differing from that at the tip of the screw, 
except for one particular slip (67 per cent.), and actually, for 
equilibrium, the outer streams must be accelerated and the inner 
retarded at all moderate slips. ** ^ 

Neither of these can be put to any practical use. They neglect 
the effect of form and dimensions of blade, pressure limits, and 
limitations of water supply, and to obtain the effect of these items 
one is driven to experiments. 



160 SHIP FORM, RESISTANCE AND SCREW PROPULSION 

W. Froude advanced the theory that an element of a screw 
blade may be considered as a small inclined plate moving through 
water, and its efficiency and thrust can be calculated by the use 
of the known normal and frictional forces on such plates. 

Referring to Fig. 34, the velocity of any element of a propeller 
blade through the water is given by 

Vi 
sin (O-ipy 

The normal force on it 

V • 

=P=a(SA) . a ,^ — -r sin 6 ; 

the tangential force 

=F=f{SA) . aT/ ^v 
•^ ^ ^ sm* (^— ^) 

The thrust of the element along the axis 

=T=P cos e-F sin 0. 

The transverse force 

=M=P sin e+F cos 0. 
Hence 

sin ij) cos 0— ^ sin 

^ ^ * sin*(^— <^) 

And the efficiency 

TFi _ tan (g-<^) 

■ /rotary \-tan(^+<^0' 
-^ ^ Vvelocity/ 

where 



v= 



tan </»!= — ^--r, 
^* a sm ^ 

and a and / are the coefficients of normal and frictional force on a 
plane surface. 

Curves of efficiency obtained in this way agree in general 
character with those obtained by experiments with model screws. 
The method, if extended to a whole blade, becomes very unwieldy 
and throws no additional light on the general theory of the pro- 
peller. It is tacitly assumed that there are no limitations to the 
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water supply, that interference of one blade with another is nil; 
also the fact that additional area becomes useless when a complete 
column is formed behind the screw is ignored. A simple and 
useful variation of this theory has been suggested by A. Mallock. 
Referring to Fig. 36, 

If OX is the path along which the plane is moving {O to X), 
(ie=the resistance of the plane measured along OX=R, ea=the 
reaction normal to OX=L. 

If this blade is a part of a screw whose longitudinal axis is F , 
the reaction of de and ea along the axis=&a, and reaction normal 
to the axis=(26. 

As the plate moves along OX, forces normal to this line do no 
work, and the efficiency is the ratio of the resolved parts of the 
forces ba and cU) along OX 

fe 

or 

__6c _ tan a 
''""63""tan (a+/9)' 

Since 

, ^ if resistance 

^^^L- — ilft"' 

the efficiency for any pitch ratio and slip can be calculated for any 

type of blade whose — y^r — (i.e., yJ ratio is known. There 

is a large amount of data in existence giving the value of this 
factor for various types of blades, and this formula will be em- 
ployed in later sections to examine the effect of shape, etc. It 
has the advantage that interference of one blade with another, 
and effect of shape, can be taken into account by the proper choice 

of Y values. 

The absence of any theory which will take complete account of 
working conditions, forces the designer to depend upon his general 
experience or to have recourse to experiments. Reliable infor- 
mation as to the action of a screw in a given ship is difficult to 

•.V. u 
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obtain, unless those making the steam trials go out of their way 
to get it. Times of delivery and financial considerations limit 
the possibility of trpng several screws on the same ship, and 
unless this becomes necessary owing to deficiency of speed, such 
t^sts are seldom made and still more seldom published. The 
designer's knowledge is therefore more or less limited, and here 




Fig. 36. 

more than anywhere experiments on a small scale should be 
advantageous. 

§ 68. Applicability of Small Scale Experiments to Full-dxtd 
Screws. — But for experiments on a small scale to be of use two 
things ai*e required : — 

(a) A law enabling results for a full-sized propeller to be 
predicted from the model. 

(6) Exactly similar conditions in the model as in the ship, or a 
means of allowing for the difference. 
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Krst consider the case of two screws advancing into still water, 
the one of diameter D at velocity V and revolutions per minute N 
and the other of diameter d at velocity v and revolutions per 
minute n, where 

-j=l and t;=\/?xt;. 

Then if both screws are similar and toork al the same slip the 
flow past earch screw will be similar, the difference being one of 
scale only, and this similarity holds for any similarly related 
speed provided the race columns are equally complete or in- 
complete. For the slips to be the same, 

n=NVt: 

From the proof of the law of mechanical simiHtude given in 
§ 8y it will be seen that imder these circumstances the two 
screws will be giving thrusts T and t, which are related by the 

equation 

T=Pxt. 

Provided the losses in friction and eddy-making vary as the 
(speed)', this relation still holds between the large and small 
propellers. If the propellers are near the surface the surface 
deformation will be ** similar," since the pressmres vary as the 
scale, and the above relations still hold good. 

If the screw sets up a rotation in the race, for similar hydro- 
dynamic conditions the angular velocity of the race should vary 

velocity . 1 

diameter* t.c, as -^j 

or as the revolutions at the same slip ratio. Under these con- 
ditions the formula for thrust given above still holds. This argu- 
ment is quite sound for the ideal case of the complete race column, 
but with the incomplete column the race rotation and trans- 
lational velocity is not the same for all particles in the column, 
and although this is the case in both large and small screws, and 
with perfect streaming flow the action would be the same in both 

cases, there is no guarantee of this perfect flow. The extent to 

h2 
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which this possible loss of similarity may affect the above law of 
comparison can best be judged by experimental results. 

§ 69. Experimental Tests of the Law of Comparison. — ^Mr. 

Taylor has tried in the Washington tank screws varying in 

diameter from 8 inches to 24 inches. He found some slight varia- 

T 
tion in the value of j^^v^ ^^^ eflSciency at the same slip and 

corresponding velocities, as the size was varied. These tests were 
not made under quite similar conditions, as the centres of the 
screws were all at the same immersion, 12 inches — i.e., the im- 
mersion of the blade tips became smaller with the larger propellers. 
Preliminary experiments with the 16-inch screw having the blade 

T 

tips at varying immersion, showed a very slight reduction of 752^2 

with reduced immersion. The variation found with the different 
sized screws at fixed immersion was of the same character and 
order as the above effect due to immersion, and the latter possibly 
accounts for the former in these experiments. The variation 
was only 2 per cent., and the law of comparison holds more 
closely than the results indicate, and may be accepted for the 
range covered by the experiments. Other experiments made by 
Mr. Taylor with the 16-inch diameter screw at various speeds 
showed that the thrust at given slip varied as (speed)' ovot a 
considerable range of speed, as theoretical considerations lead 
one to expect. 

Herr Gebers' experiments with models of a turbine type of 
screw varjring in diameter from 12 to 3 inches gave practically 
the same efficiency at corresponding speeds and slips, and the 
thrusts calculated for the largest screw from the measured thrusts 
with the smaller ones came within 3 per cent, of that obtained by 
experiment, over the useful range of slip. 

An important test of the law has recently been made by experi- 
ments in air with exactly similar propellers of 15 feet and 2 feet 
diameter, the larger one on the whirling arm at Messrs. Vickers, 
Maxim and the smaller one on the whirling arm at the National 
Physical Laboratory. The tests were made at corresponding 
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speeds, and the thrust and horse-power for the smaller propeller 
were estimated from the tests of the larger propeller, and com- 
pared as follows : — 



Item. 



Thniat in lbs. ■ ^Z^'^J^^ i Efficiency. 



Deduced from the full-size 
propeller by the law of 
comparison 

From experiments with small 
model .... 



205 
1-97 



1128 



1115 



•64 



•62 



The falling off in the small model is slight and may be neglected. 
For this case the law undoubtedly held good. 

M. Dorand has compared similar propellers of different diameter 
in air, under very dissimilar conditions to the above. His pro- 
pellers were 6-2 and 14 feet diameter respectively and practically 
the same m design. The results show a difference in comparative 
thrust of only 2 per cent., and the efficiencies were almost identical- 
Although these tests were made in air, they lend considerable 
weight to the practice of using the law for propellers in open 
water, i.e., with no ship in front of them. 

§ 70. — ^The second condition which must hold if the results of 
model propeller tests are to be of use in predicting results for 
full-sized screws is — all the conditions in the model tests should 
be similar to those holding in the ship, or there should be some 
known method of allowing for the difference. Screw experiments 
may be divided into two quite distinct classes, viz., those made 
to test the screw and those made to test the reaction between the 
screw and model. The former are made in open or undisturbed 
water, the latter with the screw of the correct size in its correct 
position at the stem of the ship. In the latter experiments the 
object is to measure two primary things — 

(a) The amount by which a screw situated in a given position 
augments the resistance of the model when it is itself producing 
a thrust sufficient to propel the model. 
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(6) The average speed of the streams in which the screw is 
working, i,e.y to obtain the wake fraction. 

With regard to both a and 6 one condition is essenticJ, i.e., that 
the position and diameter of the model screw shall be to scale for 
ship. 

This is all that is really necessary from the hydrodynamic 
point of view, and the pressure gradients and accelerations 
produced at the stem of the model will then be similcu* to those 
in the ship. In other words, both ship and model wiU experience 
the same increase in resistance due to the action of the screw. 
But with the wake the same cannot be said. It can confidently 
be stated that the wake of a model so far as this is due to skin 
friction is greater than that for the ship. In the majority of 
cases some portion of the propeller works in the frictional belt, 
and a portion of the area of the model screw will be working in 
this frictional wake, and the total or mean wake obtained for the 
whole area of the screw will be exaggerated by this to some 
extent, so far as the result is applicable to the ship. If the screws 
are well removed from the hull, the wake is largely due to stream 
line or wave action, and in this case the difference between model 
and ship conditions is negligible. But the smaller the screws and 
their clearance from the hull become, the more the difference 
must be felt, and some correction of the result should be made to 
obtain the true wake for the ship with similar screws. In single- 
screw ships this must be the case, as the propeller then works in 
a large area of the frictional belt. 

As in the general run of ships the error is probably not a great 
one, and in many cases must be small, it is the wiser course to 
accept the results than to hazard a correction which may lead 
farther from the truth. 

Leaving the question of shaft web and bracket influence on one 
side, it can therefore be said that as the necessary conditions of 
similarity hold fairly closely between model and ship, the augment 
of resistance due to the screw obtained with the model holds foi 
the ship, and generally speaking the same may be said of the wake. 



CHAPTER XVIII 

THE BLBMENTS OF PROPULSION 

§ 71. — ^The whole question of the propulsion of the ship requires 
the consideration of engines, propeller, and hull, the net propul* 
sive efficiency being the product of the efficiencies of these three 
things. The hull has been considered in the earlier chapters. 
The engine efficiency depends largely upon the type of engine 
used, whether it is a triple or quadruple expansion reciprocating 
engine, a turbine, gas, oil or electric engine, or any combination 
of these. The type of engine chosen affects the revolutions of 
the engine shafts, and in this respect also affects the screw, but 
the latter is otherwise independent of the engine and may be 
considered as a distinctly separate subject. 

The propulsive force exerted by the propellers of a ship when 
the latter is travelling at a uniform speed, must be exactly equal 
to the resistance the ship experiences at that speed. The resist- 
ance of a ship when towed is due to the motion which it produces 
in the water as it passes through it. This water motion is to a 
considerable extent longitudinal, and shows itself abaft the stem 
in what is commonly called the '" wake of the ship " or the 
current of water which follows it. If the ship is propelled by its 
own screws these cause considerable changes in the pressure 
of the water around the stem, whereby its resistance and 
therefore the screw thrust necessary for propulsion, become 
greater than the tow-rope resistance. Not only does the action 
of the screws affect the ship's resistance, but the presence of the 
ship affects the working of the screws. These have to work in 
this wake water, and their action will therefore depend to some 
extent upon the magnitude and direction of the currents in that 
poition of the wake on which they act. 
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The net efficiency of a screw as a propelling agent will depend 
upon two factors, of which one expresses the efficiency of the 
propeller itself if working in undisturbed water under similar 
conditions as regards thrust and revolutions. The other expresses 
the modification of this efficiency due to the action of screw upon 
ship, and ship upon screw. Mr. R. E. Froude, to whom this 
method of treatment is due, calls these two factors '' the screw 
efficiency proper '' and the " hull efficiency " respectively. It 
will be seen later that for many purposes these two fckctors may 
be regarded as separate elements, and this subdivision simplifies 
the work both of the designer and the experimenter. 

Consider .the case of a ship propelled by a screw. 

Let T =the thrust of the screw in lbs. ; 

N = revolutions in hundreds per minute ; 

V =the speed of the ship in knots ; 

R = resistance of the ship in lbs. at the speed V with no 

screws, i.e., the tow-rope resistance ; 
8 = shaft horse-power delivered to the screw when pro 

pelling the ship ; 
E =the effective or tow-rope power, including bossing and 

keel resistance. 

Suppose the screw to be now removed and set working in un- 
disturbed or ** open water," the revolutions being maintained 
the same but the speed of advance F^ adjusted so that the screw 
develops the same thrust as it did behind the ship. Let Si= 
shaft horse-power absorbed by it under these conditions. So far 
as the development of thrust is concerned, the screw behind the 
ship might equally well be advancing into imdisturbed water of 
velocity Fj, and this velocity is usually taken as the mean velocity 
of the water past the screw in the wake of the ship. Jf the 
following current left by the ship were of uniform speed throughout 
the area operated upon by the screws, the above would be quite 
true, and the power required to drive the screw in open water at 
speed Fj, or behind the ship at speed F would be the same. It is 
a fact proved by many experiments on screws working behind 



THE ELEMENTS OP PROPULSION 169 

models and in open water, that the shaft horse-power of a screw 
propelling a model differs extremely little from that of the same 
Bcrew in undisturbed water under the above conditions. 
The propulsive efficiency of the screw is given by 

__ tow-rope power E 
shaft iiorse-power S 

which may be split up into the factors given in the following 
equation : — 

'=f=^'=(f)x(;>(^^)x(l)- 

The first bracketed term here is the ratio of the tow rope 
resistance of the ship to the thrust of the screw. 

K ^ is the fractional measure of the excess of the screw thrust 
over the tow-rope resistance, t is called the thrust deduction 
fraction, and is given by 

The second bracketed term is the ratio of the velocity of the 
ship to the mean velocity of its wake water taken over the screw 
disc, and writing 

V=V^{l+w) 

to is called the wake fraction, and denotes the fractional excess 
of the velocity of the ship over that of its wake water at the screw. 

The third term is merely the efficiency of the screw in open 
water. 

The fourth term is the relative measure of the power required 
to develop the screw thrust in open water and in the disturbed 
water behind the ship. This is known as the relative rotative 
efficiency. 

The propulsive efficiency of any screw can therefore be written : 

_ /screw efficiency \ /|_4W| • v /relative rotativex 
\ in open / ^ / V "r / ^ efficiency / * 

The speed of advance of the screw through the water in which 
it is working is equivalent to a speed Vi in imdisturbed water, and 
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the work which it does in propelling the ship is measured by tl 
product 

This is called the thrust horse-power of the ship. 

The product ii x F is a measure of the effective horse-power 
the ship, and the net efficiency can therefore be written in a nc 
form thus : — 

__E.H.P. /screw efficiency\ /relative rotative\ 
''""T:H.P. \ in open / V efficiency )' 

This first term is defined as the hull efficiency of the ship, ai 
since the latter term is generally unity the efficiency can ] 
written 

r;=hull efficiency X screw efficiency in open, 
where 

hull efficiency h=(l-'t){l+w). 

The net propulsive efficiency of the ship (e) is the product 
the propulsive efficiency of the screw and the efficiency of t 
engine including thrust block and shaft friction, and can be writt 

__ /screw efficiencyX / hull \ / engine \ 
"" \ in open / \efficiency/ vefficiency/ ' 

The cost of propelling the ship any distance depends equal 
on each of these t^rms. Of these the most important and mc 
liable to variation is the screw efficiency, and this is considered 
the next section. 



CHAPTER XIX 

80BBW PBOPIIiLEBS IN OPEN WATBB 

§ 72. — Several broad conclusions can be drawn from the various 
theories of the action of propellers, and the considerable number 
of experiments which have been made on model propellers, and a 
few on large-sized propellers, enable these conclusions to be com- 
pared with empirical results. Of these the most important are 
the following : — 

(a) The thrust and efficiency of any given screw, advancing 
through the water at any given speed and turning at various 
revolutions, will depend upon the slip ratio corresponding to 
the revolutions at any given moment. 

(6) The thrust of a given screw working at a given slip 
varies as the square of the speed of advance through the 
water. 

(c) The thrust at given speed of advance and slip ratio, 
will vary as the square of the diameter, for screws exactly 
similar in design. 

(d) The efficiency at any slip ratio is unaffected by varia- 
tions of speed or of size of screw. 

Setting aside all question of cavitation, experiments show that 
the first three of these conclusions are true for actual screws, and 
although the efficiency varies slightly with si>eed, for all ordinary 
purposes this variation is small and can be neglected. It follows 
that the thrusts obtained from all screws of similar design at any 
given slip will be connected by the formula 

T 
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v^here c is a constant depending on the slip and design of screw. 
Its variation with pitch, diameter, blade area, thickness of blade, 
and any other feature is one of the main and most difficult pro- 
blems in propeller design. No theory yet formulated will give 
reliable quantitative values for pressure or efficiency. The only 
useful theory that will give relative efficiency values is that due to 
Mr. Mallock (see § 67). * By the use of this theory a fair guide 
can be obtained as to what may be expected from any variation 
in design, and, failing experimental results on any point, it has 
been used in this way when dealing with the subject. 

Experimental Results. — In using experimental results close 
attention must be given to the experimenter's method of tabu- 
lating and giving data, and more particularly as to how he defines 
the various terms used. The absence of uniformity of definition 
is responsible for no small amount of the doubt that has been 
thrown upon experimental results. Mr. Taylor uses the face 
pitch for both pitch and slip ratio. So also does Herr Gebers. 
Mr. Froude uses a pitch calculated from the revolutions and speed 
of advance so that slip shall be zero when thrust is zero. There 
can be no doubt that the latter is the more correct, as the back 
of a blade is just as important as the front, and should be taken 
into account in giving the blade its pitch value. Moreover, this 
method is more in accord with sound theory, and is less likely to 
give contradictory results. In applying results obtained by any 
model screw experiments to full-size screws, the pitch ratios 
obtained require multiplying by some coefficient, and Mr. Froude 
has stated that pitch ratios obtained by his method of analysis 
should be taken as 1*02 times the nominal or driving face pitch 
for the ship. This result, which is based upon experience in the 
analysis of ship trials, is better than any estimate based upon the 
relation of face to real pitch. This method has the advantage, 
too, of taking account of differences in boss arrangement and in 
blade thickness. ** For these reasons, and because the results are 
more compact, Froude's method has been adopted throughout 
the book, and the constants given in his paper read before the 
Institution of Naval Architects in 1908 have also been adopted. 
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Of the experimental results published, Froude's, Taylor's, and 
Dnruid's are the most important. To a large extent they cover 
the same ground, and when analysed in the same way corroborate 
each other as regards defining the effect of variations of pitch, 
width of blade, etc. The screws used by them differ mainly in 
blade thickness ratio and in the size of screw, and the effect of 
these factors will be considered in detail later. The effect of 
placing one propeller behind another is dealt with in § 82. 

§ 73. Froude's Experiments on Model Screw PropeUers. — ^Thesc 
experiments were made in open water, the screw being mounted 
on the fore end of a driving shaft so that there was no obstruction, 
either in front of it, or for some distance to the rear. 

The diameter of screw was, uniformly, -8 foot. 

The boss diameter was, uniformly, -91 inch. 

The root thickness was, uniformly, '27 inch. 

The immersion to centre of screw was -8 of the diameter. 

The si>eed of advance was 300 feet per minute. 

The face pitch ratios covered a range from '8 to 1*4 ; the disc 
area ratio varied from -3 to '75. 

Four-bladed and three-bladed propellers were tested. The 
developed blade shape was elliptical for all the four-bladed screws. 
The three-bladed included the eUiptical and the wide-tip pattern. 
For the elliptical pattern the developed outlines were eUipses of 
major axis equal to propeller radius (see Fig. 42). The wide-tip 
blades were formed from these by making at any radius=r 

wide tip width __ 1 , f 
elliptical width"" 2"^5' 

where R equals the propeller radius. 

Each screw was tested through a range of slip ratios, and thrust, 
revolutions, and turning moment were recorded. Special experi- 
ments ^ere made to obtain the friction of the apparatus and the 
resistance of the frame and shaft carrying the screw. 

The thrusts obtained were expressed in a formula 

^ _o/P+21\ 102Ml--08^) 
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wfatre 

T is the thrust in lbs. ; 

Fx is the speed of advance m hundreds of feet per minute ; 

p is the effective or analysis pitch ratio ; 

jB is a blade factor depending upon the number and type of 
blades and the disc area ratio. 

CSarves of B value obtained are given for the three types of 
screw in Fig. 37. 

This formula for thrust so far as its main factors are concerned 
rests upon a reasonable theoretical basis. The normal pressure 
experienced by any blade inclined at a small angle to its line of 
motion, is known by theory and experiment to vary directly as 
this angle, the (velocity)^ and its area. If any element of a screw 
advancing axially at speed Vi be revolving at a circumferential 
speed given by n^ so that it develops no thrust, the angle of the 

element to the plane of rotation is measured by ( -^) . At any 

other circumferential speed (n) when developing thrust T per 
unit area the inclination of the path of the element is given by 

-. T is therefore measured by 

n*(-i — i)=-ix -XnK 

Kuq nj Uq n 

The first of these three terms is the effective pitch, the second is 
the slip ratio, and n is the product NxD. 

Hence T per unit area=" a "NW^ap. 

Since area for given type of blade varies as D^ we may write 

which can be put in the form 

Z)^Fi« p (l-8)K 

This IB of the same general form as equation 7, the unknown 
term " a " being there replaced by the factors 

h02B{p+2l)(l-"0S8). 

These two latter terms take account of the experimental variation 
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of the thrust factor with pitch and slip for any fixed disc area 
ratio of blade. 

It will be seen that the " B " value for any screw is a direct 
measure of the thrust which it will develop, and the experiments 
show that with given blade area, diameter, and slip the " B " 
value for the four-bladed elliptical screw is roughly 12 per cent, 
higher, and for the three-bladed wide-tipped screw is roughly 
7 per cent, higher than that for the three-bladed elliptical. 

These higher thrust values are accompanied by slight losses in 
efficiency, the wide-tipped screw being 3 per cent, and the four- 
bladed screw 2 per cent, worse than the three-bladed elliptical. 
In practice, the three-bladed screw would have a greater root 
thickness than the four-bladed screw of the same area and 
diameter, and it will be seen from the section on root thickness 
that this modification would have caused a little loss in efficiency. 
The efficiency advantage of the three-bladed screw over the four- 
bladed screw is therefore more apparent than real. Moreover, 
the four-bladed screw developing the same horse-power as a three- 
bladed screw of the same area, would work at different pitch or 
slip, and the effect of this upon efficiency may, and often does, 
more than balance any small disadvantage the screw has from 
number of blades. Experiments were made by Mr. W. G. Walker 
with a single-screw vessel 55 feet in length, varying the number 
of propeller blades from two to four, and from three to six, 
keeping the total area the same. The propellers were approxi- 
mately '4 disc area ratio and 1-66 pitch ratio. The number of 
blades had practically no effect upon the efficiency, and very 
little upon the revolutions at any reasonable speed. 

The three-bladed wide-tipped pattern used in the experiments 
was narrower at the root than is usual in practice, and the thick- 
ness at root relative to width at root was in consequence relatively 
greater than it should be in comparison with the three-bladed 
elliptical. The easing of the angles of these root sections would 
modify the efficiency, not to its detriment ; and the difference in 
efficiency found by Froude between this and the elliptical type of 
blade may be regarded as an extreme value. 
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Before leaving this question of thrust values it is desirable to 
draw attention to the very small increase of thrust that accrues 
from a comparatively large increase in blade area when the disc 
area ratio has reached a moderate value. This is true for all 
types of blade and all pitch ratios, and it is clear that, where 
circumstances permit, it is better to use a large diameter of small 
disc area ratio rather than a smaller diameter and wider blades. 

§ 74. Efficiency. — The efficiencies obtained with the various 
screws are given in the form of a series of curves in Fig. 39. 
These are drawn to a base of x value, each for a round number 
pitch ratio. They are correct for the three-bladed elliptical type 
of screws having a standard disc area ratio of '45. To correct 
them for another type, a uniform deduction must be made of 

•024 for the wide-tip three-blade ; 
•0125 for the four-blade elliptical. 
A correction is also necessary for disc area ratio, and the correction 
curves for this are given in Fig. 37 to a base of disc area ratio. 

All the efficiency curves have a common characteristic shape, 
having a maximum value at a slip of about 20 per cent. (a;=l*27) 
for large, and 25 per cent. (a;=l-35) for small pitch ratios. The 
efficiency falls away slowly for slips above these values, and rapidly 
at slips below 15 per cent. {x= 1*19). 

' • The curves for high pitch ratios attain greater maximum values, 
but f aU oflE in value more rapidly at high slips, than do the curves 
for low pitch ratios, so that the advantage of a high pitch ratio 
becomes smaller the higher the sUp the screw is worked at. and 
disappears altogether for slips above about 40 per cent. 

The effect of large disc area ratios is shown by the correction 
curves in Fig. 37, but can also be seen in Fig. 38, which shows the 
maximum possible efficiency for definite disc area ratios, when 
pitch ratio is varied. These curves show a maximum value for 
small disc area ratios of '745. The value obtained by Mr. Taylor* 

♦ Mr. T. B. Abell*s analysis of Taylor's experiments shows practically the 
*ame efficiency as that obtained by Froude, but for the low pitch ratios 
Baylor's experiments show slightly less efficiency at high slips and more 
at low slips. The difFerence is, however, not more than 1 or 2 per cent. 

8.r. N 
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for a screw of the same disc area ratio and pit«h rat 
larger diameter (1-33 feet), is -77, or 3 per cent, greater, 
due to the efiect of blade thickness, or the larger size of sc 



{ 
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These results show that there is for any screw a fairly large 
ige of slip at which the efficiency remains constant at its 
bximum value. The dimensions of any screw should be so 
-anged that the slip falls about the higher limit of this slip range, 
as near to this on the higher side as possible. The lower side 
this slip range should be avoided, as, if through any cause the 
"ew works at a lower slip than the estimate, the efficiency loss 
iy be of considerable importance, owing to the rapid decrease 
efficiency with slip at this end of the ciuT'e. The general flat- 
ss of the efficiency curves at their maximum value, and the 
tall change resulting from variation of pitch ratio when this 
ceeds 1*2 enables the propeller dimensions to be varied over a 
iriy wide range without any material loss of efficiency, provided 
ey work in this region of slip and pitch. This is the case for a 
rge number of vessels of comparatively low speed and is borne 
it in practice. 

§ 75. Use of Model Screw Data for Estimating Purposes. — ^To 

cilitate design calculation or steam trial analysis the formula 

r thrust in § 73 is better expressed in terms of thrust horse-power 

f), speed of screw through wake water in knots (Fj), revolutions 

hundreds per minute (N), diameter in feet (D) : — 

Thus 

„/ 33,000 \ 

T TFi ^\ 100 j , ^ . . w ^ 

g2y-2=2)27-3= j)2p^ 8 (i»0133)« ^^^^ ^^ ^ ^^^ ^ ™^^' 



bence 



H p 



='00321q'S^^^=T. 



Writing 



^_NpD_lOU3 



It will be seen that these two terms Y and X involve only one 
triable — slip — ^and the former can be plotted to a base of the 
tter. Such a curve is given in Fig. 39, together with curves of 
Bciency for several pitch ratios all for disc area ratio -46. This 
— Y curve serves very well for the analysis of steam trial data, 

ir2 
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and an example is given in Table 36 in order to sliow ifl 
the better to define the terms and unitfi used. 

For propeller design the data is not very oonveni 
form. Both X and 7 contain diameter and pitch ratio, t 
these are usually unknown. The propeller has to b 
develop a given power at fixed revolution and fixed ship affk 
and the work can be done better when the data is arranged so ^ 
one term does not contain diameter. Since 



Z)«Fi" B(p+21) 
and 

JVpD 
A p- 

X'x r=-Trt-^ fli-^jlo n (* **"° independent of diam 

Values of X* X F are plotted to a base dtXin Fig. 40. For i 
particular ship whose NH and F^ are known the practice i0 J 
assume three or four pitch ratios and two disc area ratios (or " 
values) and to find the values at X'xY for all of these. Fromi^ 

curve of Z*X 7 the values of J (».«., E j correupondiiig to tJ 

X^Y values are obtained. Since N and F^ aie known the diamet* 
can at once be found. A curve of diameter for each disc 8 
ratio can then be plotted to a base of pitch ratio. The efiFicienci^^ 
are also known, being those given by the efficiency curves for tb^^ 
chosen "p "values at the proper "X" values. Some slight ca^^ 
rection may be required for disc area ratio or number of bladN^^ 
as already mentioned, but when corrected these values may U^^ 
plotted in the same way as the diameters. A diameter and " p" 
value can then be chosen from these curves to give a reasonaU^ ^ 
clearance between blade tip and ship with the best possifal 
efficiency. An example whliuh will make this clearer is given 1 
Table 28. 

When starting these calculations the following facts moat I 
borne in mind : — 

(a) The data given is for screws in open water. The speed I 
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B for the screw behind the ship, and must be taken as speed of 
icrew through the wake water, and not as speed of ship. Some 
rake factors are given in Tables 32, 33, 38 A, B, C, D, E, to enable 
7j^ for the screw to be obtained from the ship's speed. But the 
Hrhole section dealing with wake should be read in order that a 
tound estimate of this factor in any particular case may be made 
Tom the data given. 
(b) The driving face pitch of the ship screws, as already 

3xplained, is y^ times that obtained from these calculations. 

Fhis figure is based upon Admiralty trials before 1906, when 
3it€h ratios of 1-0 to 1*2 combined with moderate disc area ratios 
rare general. The author has foimd that for turbine vessels 
laving screws of smaller pitch ratios (-85 to -95), and larger disc 
irea ratios, a somewhat higher denominator (1*04) gives better 
Lgreement between estimate and trial results. 

When the driving face is cut away slightly near the leading edge^ 
bs is done in some propellers, the effect is to slightly increase the 

rue pitch, and the factor then becomes somewhat less than y-^ ; 

md, in a similar way, cutting away the driving face at the trailing 

dge increases the factor to ^tk^ or less. 

I'Ul 

For model screws Mr. Froude's results give an average figure of 
— -^. • Mr. Taylor's results as analysed by Mr. Abell, show a 

'actor varying from j:?^ for large disc areas, to j^tj\ ^ or small disc 

ireas of 1*2 pitch ratio, and yj^ for small disc areas of -8 pitch 

ratio. Herr Gebers' experiments show a factor of , his 

1*085 

screws being of unity pitch ratio, and fairly large disc area ratio. 

[n the absence of definite and complete results from steam trials 

these figures may be regarded as limiting values to the coefficient 

showing how it probably varies, and not as figures to be used for 

full-sized screws. 
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(c) It must be understood that these efficiencies are for cleao, 
smooth blades in which the skin friction is normal. The efliBct 
of a rough surface is dealt with in § 78. 

(d) For a three-bladed propeller of radius r, having a bhde 
width ratio of, say, -4, the developed area assuming there was no 
boss 

= 3[^xC4)r«]=-37rr« 
and the disc area ratio 



Trr* 



The disc area ratios used by Mr. Froude in plotting his resultB 
were obtained in this way, and this fact must be borne in mind in 
using the data. 

If the developed outline of the blades be produced to the shaft 
centre and the boss line be drawn on the diagram, it will be found 
that the proportion of the whole outline cut oflE by the boss variefl 
from 20 per cent, for Admiralty pattern screws of moderate 
revolutions, to about 15 per cent, for wide-tipped turbine-driven 
screws cast on the boss. The actual figure can easily be obtainedin 
any particular case by measurement from similar screws. When 
using Froude's data for obtaining the dimensions of propellers to 
satisfy given conditions, some such discount must be put upon 
the area obtained by calculation in order to obtain the correct 
developed area of the blade outside of the boss line. Similariy, 
when analysing trial results, the actual area of the blades should 
be increased by a similar percentage (which can be obtained with 
fair accuracy from the plan of the propeller), and this increased 
value should be used for obtaining the disc area ratio from which 
the ** fi " value is obtained. Great accuracy is not required in 
obtaining these disc area ratios, as the thrust is not very sensi- 
tive to area unless the blades are very narrow or cavitation is 
present. -^ 



Screw Dimensions by Means of the X * — T Curve. — It is required, 
to find suitable dimensions for four screws to run at 315 revolu- 
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ms per minute, to develop a speed of 20 knots in a turbine- 
iven vessel whose eflFective horse-power is 10,000. 

Allow for bilge keels 2 per cent. ; for bossings, 3 per cent. ; air 
resistance (fine weather), 2 per cent. — total, 7 per cent. 

Hull efficiency assumed, -98. 

T.H.P. to be delivered by eachX 10^00 xW)7__ 

of the four screws / "~ -98x4 ~ ' "" * 

With a clearance of about 14 inches the wake fraction for this 
vessel may be taken as -16. 

20 
Speed through wake water, Fi=pr^= 17-24 knots. 

rru 4. u • lu 2,730x33,000 ^^ . .^ „ 

Thrust on each screw m Ibs.= ,, ^.^^ ,^, ^ =51,540 lbs. 

17-24X 101*3 

The screws are well buried and a cavitation pressure of 13 lbs. 
jr square inch may be assumed. 

51 640 
Minimum blade area= ,^ ' .. . =27*55 square feet per screw. 

loX 144 

Nm (315)«X2.730 _.^,^^ 
F/~ (17-24)» -"*"» 

i' = 5-47 

The results are plotted in Fig. 41. Other disc area ratios can 
e used in the calculations if desired. The screw should be chosen 
*om the diagram to the right of the cavitation line, with as large 
pitch ratio as possible, consistent with good efficiency. 
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Table 28. 
Calculation for Three-bladed Screws. 



Diso Area Ratio assumed : 


•6 


-6 


"B" Value for mode- 






rately Wide - tipped 






Screws from Fig. 37 . 


•11 


•113 


BFi» • • • • 


•1619 




•1576 


p assumed 


•8 


•9 


10 


11 


•8 


•9 


1-0 


11 


P' 

^^ m 9 e • • 


•0235 0333 


•0455 


•0603 


•0235 


•0333 


•0455 


•OW 


p-^^21 
















«+2r\BFi» 

Hence from Fig. 40, X= 


•0038 0054 


•0074 


•0098 


•0037 


•0052 


•0072 


•O086 


1-435 


152 


1602 


1685 


143 


1511 


15)14 


l-e76 


D-Xx^^- 


9-8 


923 


876 


8-38 


975 


918 


8-72 


8« 


Np 
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Face pitch (r.^ 


7-61 


8-07 


8-51 


8^95 


757 


8-03 


847 


8^9 


Developed area of 3 blades 
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X disc area ratio = 
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284 


256 


234 


382 


339 


306 
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Efficiency for above X 


















values at corresponding 
p values, from ^g. 39 . 


















•65 


•665 


•654 


•628 


•65 


•656 


•655 


•631 


Correction for disc area 


















ratio, from Fig. 37 
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'lO. 41. — ^Typical Diagram of Screw Dimensions and Efficiency. 



3d dimensions would be— diameter, 8-75 feet ; pitch, 8-45 
developed area, 29*5 square feet per sorew ; disc area ratio, 
efficiency of screw, '63. These dimensions are obtained 
the above by interpolation. 



CHAPTER XX 

PROPELLER BLADES 

§ 76. Pitch Ratio. — ^It will be seen from the theoretical formola 
in § 72 that the thrust produced by a screw at any slip will be 
directly proportional to the pitch if the revolutions remain the 
same. The same fact may be stated in another way. If a ship's 
speed and power are to remain the same, and the screw pitch is 
altered without affecting the diameter or blade area, then as the 
pitch is increased the revolutions will decrease, and the slip will 
increase. The effect of the change upon the efficiency would 
depend upon the initial pitch ratio and slip. For ordinary screwB 
of pitch ratios 1*0 to 1*3, working at slips of 20 per cent, and above, 
there would be little change, the loss due to higher slip and the 
gain due to higher pitch ratio being practically equal. But at 
slips exceeding 30 per cent, there is a fair loss of efficiency witli 
increase of slip, but practically no advantage due to using higher 
pitch ratios than 1*1. Increase in pitch ratio would therefore, in 
this case, mean loss of efficiency. 

All blades, and particularly wide ones, of pitch ratio -8 to 1*0 
gain considerably in efficiency by increa^se of pitch ratio, and since 
they do not reach their best efficiency until the slip is 25 per cent, 
it follows that it is a distinct advantage to keep the pitch as high 
as possible, even though it means a fairly high slip ratio. Thus a 
propeller of '15 disc area ratio of 1-0 pitch ratio, has as good 
efficiency at 38 per cent, slip, as a propeller of the same area and 
*8 pitch ratio has at 25 per cent, slip, and at any slip lower than 
38 per cent, the 1-0 pitch ratio is always better, its advantage 
being over 10 per cent, at 25 to 30 per cent. slip. 

This disadvantage of small pitch ratio is due to two main 
causes : — First, small pitch ratios involve small slip angles, unless 
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the slip ratio is large, and no blade works well at small angles. 
Thus a pitch ratio of '8 has slip angles of 2^*09 and 4^*98 at slip 
ratios of 15 per cent, and 35 per cent. A slip angle of 2^-9 is 
required for a reasonable efficiency, which will remain fairly good 
until the slip angle exceeds about 6^*0. Secondly, small pitch 
ratios involve small pitch angles, which give less clearance or 
smaller gaps between consecutive blades, a point dealt with later 
(see page 190). 

§ 77. Rake and Skew-baek. — ^Experiments with model screws 
show that efficiency and thrust are not affected by raking the 
blades either forward or aft up to 15 degrees. Bake aft may be 
of advantage in twin-screw ships in obtaining greater clearance of 
propeller tip from hull, and in single screw ships gives a greater 
distance between the body post and the leading edge of the blades, 
a desirable thing, particularly for vessels having full after lines. 
It has the disadvantage, however, of throwing greater stress upon 
the propeller blades due to the centrifugal forces. If the thickness 
of the root sections of the blades have to be increased to resist the 
additional strain brought about by the rake, the efficiency will 
not be improved, and in high revolution propellers will fall 
dightly. 

No material advantage is gained in the ordinary vessel by 
bending the blade in the transverse plane. For vessels working 
in waters containing a lot of weed, etc., a certain amount of skew- 
back may be foimd advantageous, as it helps the blade tips to 
clear themselves of the weed. 

Developed Outline. — ^The relative merits of the elliptical and 
wide-tipped pattern blades have already been considered (§§ 73 
and 74). The thrusts obtained by Taylor with screws of a different 
type of outline (see Fig. 42) were slightly lower than those for 
Froude*8 eHiptioal blades, the efficiency being about the same for 
both. The root thickness of Taylor's blades was slightly less 
than that of the others, which may account for this difference, 
and generally speaking the two ouUines may be said to give 
approximately the same results. 
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The blade outline should be well rounded at the comers, as 
such shapes as the *' very wide tipped " in Fig. 42 tend to produce 




Frauds Etliptica! 

^,~ " Wide Ttfiped * 

Taylor Normal 

-Kr/y Wide Tipped 

Fig. 42. — Outlines of Blades. 

vibration, particularly if the clearance between the blade tips and 
the hull plating is less than about 12 inches. 

Such comers if they exist at the leading edge of the blade are a 
source of weakness, and are liable to bend across a line as A A, 
The propeller thrust and suction per square foot are both greatest 
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%t a point approximately '092 of the diameter from the tip, and at 
BLny radius is greatest near the leading edge, so that with a comer 
there is a tendency to local concentration of force at this part. 
By rounding the edge at the tip the thrust is distributed better 
over the blade, the length of the section on such a line as ^^1 
(cutting off a constant area) is much greater, and the stress on it 
less. 

Disc Area Ratio. — ^Large disc area ratio may be obtained by 

(a) Increasing the number of the blades ; 
(6) Increasing the area of individual blades. 

All model experiments show that, with a fixed number of 
blades of moderate width, at any slip the variation of efficiency 
^th disc area ratio is negligible. But for disc area ratios of -55 
md above there is a loss of efficiency which becomes more im- 
>ortant the smaller the pitch ratio (see Fig. 37). Thus, for 
)ropellers of -8 pitch ratio the maximum possible efficiencies at 
4 and '8 disc area ratios are -GG and -56 respectively. With 
mgines running at high revolutions, the tendency is towards 
small pitch ratios of large disc area ratio, and the propulsive 
efficiency necessarily suffers through the low screw efficiency. 

The reader's attention is directed to § 73, where the relative 
tnerits of three and four bladed screws are considered. It is there 
shown : — 

(1) That somewhat more thrust is developed by four blades 
than by three, the diameter and total area being the same, there 
being only a very slight difference in efficiency in favour of three 
blades. 

(2) That above a disc area ratio of about *55 large increase in 
urea produces but small increase in thrust* For this reason a 
wide blade propeller is stronger than a narrow one of the same 
root thickness ; there is very little increase in thrust and a con- 
siderable increase in root area to stand the strain. 

Large area ratios increase the backing power of the screws, and 
nay be required for this reason. But, unless the propeller is 
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working near the cavitation limit and the diameter is restricted, 
large disc area ratios have no other propulsive advantage. 

The eflFect of wide blades upon efficiency is given by Mr. Fronde 
as largely independent of slip but varying with pitch ratio, and 
must therefore be due to variations made in the design of the 
blades when varying the widths. Increase of width was accom- 
panied by , 

,-, c» n X- , blade thickness . 

(1) Smaller ratios of ^lade width ' 

-rtv T X- f blade width 6, 

(2) Larger ratios of fi j^ — = — ; 

^ '^ propeller radius r 

/ox a 11 i.« t blade width 

(3) Smaller ratio of . 

gap 

By " g^P " ^ meant the normal distance between the spiral 

surfaces of consecutive blades. A propeller of n blades having a 

pitch angle d at any radius r, has a normal gap between the blades 

. ,, . J. , , 27rr sin , ,, , . blade width ^ ^, 

at this radius equal to and the ratio at the 

^ n gap , 

radius r equals 



27rr sin 0' 



The eflfect of has been tested with a number of 

gap 

aerofoil blades (i.e., with biplanes), and by means of Mallock^s 
method the results can be used to give an indication of the effect 
of this ratio on a sorew. If the pitch and slip be maintained the 

same, and is varied from ft to # by reduction of blade 

gap ^ ® •^ 

width, the thrust per square foot will be increased 25 per cent, so 

far as gap alone affects it. In the latter case there is only half 

the area of blade, but the thrust is 

ix 1-25= fths that of the wider blade. 

This increase in thrust per square foot as is decreased 

^ ^ gap 

is accompanied by an increase in efficiency of about 2 per cent, at 
high pitch ratios (1*2) and 7 per cent, at low pitch ratios (-S). 

mean blade width 



But increase in blade width gives a larger ratio of 



propeller 
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and tests with blades in both air and water show that the 
thmst and efficiency depend upon this ratio. This can be seen 
from the following table : — 

Table 29. 

Thrust 

Thrust per Unit Area and ^ — :r-r for Blades having diflFerent 

^ Resistance ^ 

Ratios of Width to Length. 





Flat Blades in Water. 


Rounded Back Blades in Air. 


Ratio -. 

r 


Thrust per 
Unit Area. 


Thrust 
Resistance* 


Thrust per 
Unit Aroa. 


Thrust 
Resistance* 


20 

10 
•5 
•83 
•25 
•20 
•167 


•104 
•165 
•24 


52 
6-2 
8-8 


•28 
•82 
•825 
•88 


100 
115 
12-9 
140 



The thrusts in columns 2 and 4 are in the same units : b is measured 
in the direction of motion and r across it. 

Reducing the ratio — from !•© to -5 gives an increase in thrust 

•24 
per square foot of ^^^=1-45. The smaller blade therefore gives 



165 



1-45 



=•725, the thrust of the larger blade of double the area, 



and there is a considerable increase in 



thrust 



and therefore 



resistance 
efficiency with the narrow width. 

The definite figures given above are not intended to be anything 

but a guide to what happens with a screw, but taking them as they 

stand, the thrust for a narrow-bladed screw and one of twice the 



width of blade ( = 1*0) are in the ratio : — 



s 



X 



1-45 = -9 



blade width - . ^ « ^i. 

effect — effect. 

gap r 
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Froude's " B " values for the corresponding blade widths are 
in the ratio 'OI. 

It will be seen that whatever tends to decrease the value of 

■— — -T — tends to decrease the efficiency and the thrust per square 

foot at any slip of the propeller. Wide blades and small pitches 
(except at high slips) each give poor efficiencies, without con- 
sidering the effect of the blades upon each other, and when this 
interference effect is taken into account they become still more 
undesirable. Small pitch ratios mean small pitch angles (0), and 
when combined with wide blades (or large b values) can never give 
good results. 

§ 78. Thickness and Shape of Blade Section. — Some experiments 
have been made by Mr. Taylor to test the effect of blade thickness. 



4V 



a 




A* 





Fig. 43, 

His screws were 16 inches in diameter, varying in pitch ratio from 
•6 to 1-2, having developed blade areas of 39*3 and 62-9 square 
inches in three blades (mean width of blade 2-5 and 3*73 inches 
respectively). Three root thicknesses were tried — ^viz., ^, ^, * 
and 1 inch (see Fig. 43). It was found that 

(a) The effective pitch of the screw increased with the thickness, 
so that fewer revolutions would be required with the thick blades 
to produce the same thrust as the thin ones, the difference in 
revolutions being about 12 per cent, for the extreme variation of 
thickness tried. 
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.,v ^ ., , XI X. maximum thickness at half radius ,., 
(6) Provided the ratio mean width of blade ^** 

not exceed -045 the efficiency remained practically the same when 
thrust, pitch, and area were the same. When this ratio exceeded 
about -07 the efficiency fell oflE badly. 

Experiments with blades in ak support the above conclusions. 
These also show an increase in effective angle (or slip) when the 
thickness is increased. The efficiency of such blades at the same 

CD 
thrust improves very slightly for small slips till the ratio -^ in 

Fig. 44 equals about '06, after which it decreases slowly. But for 
slip angles much in excess of 12 degrees (effective) the efficiency 



ADBO: Section of Screw 139. 
AiDBO : Section of Screw 143. 

Fig. 44. 

breaks down rapidly when the thickness exceeds that given by 
the above ratio (*06). 

It must be remembered that the above results only hold pro- 
vided proper screw action is taking place ; the differences due to 
the thickness may be smoothed out as cavitation sets in. 

The effect of shape of blade section has been tested on a set of 
screws of rather fine pitch ratio {*1S15 on the face), the blade 
width ratio being -6. 

A screw is usually required to develop a given thrust, and 
comparing the results at constant thrust the following conclusions 
are arrived at : — 

(1) Setting back the driving face at the leaxling edge from B 
to Bi (Fig. 44) has little effect upon the revolutions, and gives 
slightly better efficiency at all moderate slips. But with a pro- 
peller of higher pitch ratio=l*2 on the face, there was a serious 

8.F. 
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falling off of efficiency at high slips, the loss being 7 per cent, at 
14 per cent. slip. 

(2) Setting back the trailing edge from AtoA^ requires higher 
revolutions to produce the same thrust, but has little or no effect 
upon the efficiency except at very low thrusts, when the results 
are rather indeterminate, but seem to indicate that a little set- 
back may do good but too much will cause a serious loss of 
efficiency. The increase in revolutions passing from section 139 

AA 
to 143 is 10 to 15 per cent., and varies with the ratio -j—^ for 

AB 

intermediate sections. 

Experiments with blades in air support the above concluaioD 
as regards increase in revolutions to obtain the same thrust when 
the driving face is cut back at the trailing edge. Such experi- 
ments also show a slight gain in efficiency at small thrusts with 

AA 
small set-back (up to ;xd^='^2) and a loss of efficiency at high 

thrusts, which becomes serious if the set-back exceeds a ratio of 

^^=•05 
AB "^• 

Position of Maximum Thickness in Section of Blade. — ^The shape 
of the section of a blade is usually symmetrical about the axial 
line. This is adopted mainly on the score of strength going ahead 
and astern. There are no published results of tests with propellers 
having the maximum thickness elsewhere than in the middle of 
the section, which would show if anything can be gained by keep- 
ing the maximum thickness near the leading or trailing edge. 
Some guidance can be found in tests of fiat blades in air, and the 
following paragraphs give the general conclusions to which such 
tests lead one : — * 

{a) There is a fair gain in efficiency by moving the maximum 
thickness towards the leading edge, provided the ratio-r-is greater 

than *3 (see Fig. 44). If-r-is made smaller than '3 the efficiency 
drops, particularly at very high slips. 
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(6) The thrust is improved by making-^equal to -38, but for 

small values 6f this ratio the thrust falls off badly at the higher 
slips. 

It appears, therefore, that when going ahead more work can 
be put into the screw with a fair gain in efficiency by keeping the 

point C a little to the leading edge, provided that-^is not made 

less than -38. 

(c) Thickening the section on the back towards the trailing 
edge has very little effect upon either the thrust or efficiency, 
within the limits of the experiments. These are shown by 
sections 1 and 3, Fig. 45. 



Section 3 
Section I 




Driving Face Leadinq 

ea^e. 

Fig. 46. 



HoUownass of Driving Face. — It is not imcommon for screws 
of moderate width to have increasing pitch from the leading to 
the trailing edge, i.e., to be hollow on the driving face. Thorny- 
croft's model screws show slightly better efficiency with the pitch 
of the driving face varied in this way, but the experimental 
results are not given in sufficient detail to allow of a comparison 
of thrusts, and in any case the blades have other special 
characteristics besides that being discussed. 

Experiments with flat blades show that the hollow face has 

little or no advantage in efficiency, but develops a given thrust at 

a slightly smaller angle than the flat face (measured on the chord 

AB in Fig. 46 in both cases). At slip angles exceeding 12 degrees 

the hollow face has a considerably better thrust coefficient than 

the other. 

02 
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A hollow face, therefore, would have no advantage at the root 
of a screw blade where the slip angle is small, but could be worked 




Fig. 46. 

with advantage to the thrust over the central portion of the blade. 
The screw would then develop a given power with slightly less 
revolutions than the flat face. 

Bou^nesB of Surface of Blades. — ^McEntee has tried propellers 
16 inches diameter 1*08 pitch ratio 3 blades in open water with 
three different surfaces : — ^leaving the surface as cast, with clean 
smooth surface, and with fine granulated cork on both faces of 
the blades. The smooth surface gave a maximum efSiciency of 
72 per cent., the surface " as cast *' gave a maximum of 63 per 
cent., i.e., a loss of 9 per cent., irrespective of whether the casting 
was in bronze, iron or steel, and the " corked *' surface gave a 
maximum efficiency of about 36 per cent., t.e., a loss of 36 per 
cent. At high sUps (45 per cent, on the face pitch) the loss in 
efficiency with surface as cast was only 4 per cent. 

The effect of roughness of blade has also been tested on a vessel 
60 feet in length of 18*5 tons displacement. The blades of the 
propeller, which was 6 feet in diameter, were roughened so that 
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the surface was equivalent to that of coarse sand. To get the 
same speed as was obtained with the same propeller with a smooth 
surface, it was necessary to increase the power from 12 to 20 per 
cent., and the revolutions 8 per cent. This loss of power is about 
one half that obtained by McEntee with about the same type of 
roughness (the corked surface above). 

The effect of a certain degree of roughness would decrease as 
the size of the propeller was increctsed, and in applying McEntee's 
result^ to full-size propellers due allowance must be made for the 
facts f (1) that the roughness of a 16-foot diameter propeller 
casting is not likely to be much greater than that of a 16-inch 
propeller ; (2) that the speed through the water of the larger 
propeller is much greater than that of the smaller one, and the 
relative importance of friction diminishes with speed. This is 
the chief cause of the difference in result obtained with the 
pinnace just quoted, and by McEntee with " corked " propellers. 
For both these reasons the losses with a full-size propeller with a 
surface as cast can be reckoned as not more than one half that 
given above, and there appears to be no good reason for removing 
more metal from the casting than is necessary to obtain a 
reasonably smooth surface. 



CHAPTER XXI 

HULL EFFICIENCY, WAKE AND THRUST DEDUCTION 

§ 79. — ^The second term in the net efficiency of propulsion ffv&i 
on page 170 is the hull efficiency, t.e., the ratio 

work done in towing the ship at any speed 
actual work done by the screw in propelling the ship at that speed. 

It has already been shown that this factor may be written in the 

form 

h=(l+w)(l-t). 

One of these terms depends upon the wake velocity, the other 
upon the extent to which the action of the screw augments the 
resistance of the ship. The two terms are not independent of 
each other, and any condition which tends to increase the wake 
fraction w generally tends to increase the thrust deduction fraction 
t, so that h remains fairly constant. For single screw ships it 
varies as a rule between -98 and 1'05. For twin-screw vessels of 
moderate prismatic coefficients at speeds above that given by 

V (knots) = ^/L (feet). 

provided that the propeller clearance is good -96 may be taken, 
and for lower speeds -97 to -98. These figures are for vessels in 
which eddy-making at the stem is absent ; with after-body 
prismatic coefficients much in excess of -7 they become smaller. 

Hull efficiency as a whole is therefore not of great interest to the 
designer. But the separate factors which go to its make-up, 
owing to their influence in other directions are always important. 
A proper valuation of ii? is necessary in order that the velocity of 
the screw through the uxiter may be obtained. If the thrust on 
the screw is approaching the cavitation limit, then the augmenta- 
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tion of the resistance becomes important, and anything which 
will reduce this, means smaller thrusts for given speed and power 
developed. 

Wake. — ^The natural stream line flow of the water past the ship, 
produces around the after-body a forward velocity which differs 
in magnitude at different parts of the st-em, but which at any point 
is a fairly constant percentage of the ship's velocity. The wake 
velocity due to this is always positive, i.e., in the direction of 
motion, but is smaller the further forward the screws are placed. 
It has its greatest value near the ship, and smallest outboard at 
the keel level. 

Two or three other causes, however, are at work, their effect 
varying according to the type of ship. The surface of every ship 
being frictional, is boimd to produce a forward velocity in the 
water with which it may come into contact. This forward 
velocity is transmitted in a minor degree to the surrounding 
particles. Hence the ** frictional belt " tends to increase in 
thickness continuously towards the stem, losing at the same 
time any definite line of demarcation between it and the surround- 
ing water. 

But with very full lines, stream line flow becomes impossible 
near the body post, and the vessel tends to drag some water along 
at a velocity equal to its own. This is particularly the case in the 
region of the water line, where full lines may be required for 
stability or other reasons. 

At high speeds, waves are formed by the ship, and the particles 
of water constituting any wave have an orbital velocity. At the 
crest of a wave this orbital velocity is forward, i.e., in the direction 
of motion ; in the hollow of the wave the particles move back- 
wards. It follows that the wake effect of this orbital velocity 
will depend upon the position of the wave crests and hollows at 
the stem of the ship. A screw working directly under a wave 
crest will have a large forward wake, but if it is placed near a wave 
hollow, the wave effect will tend to cancel the frictional belt and 
stream line effect and give a negative wake. Thus all destroyers 
at high speeds travel with the stem in a small wave hollow, and 
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the wake factor for these is sometimes negative, and seldom more 
than 2 per cent, positive. 

These causes together produce a wake of varjning intensdity at 
different points around the stem, and the experiments of Calvert 
have shown the extent of this variation. He measured by means 
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Fig. 47. — Calvert's Wake Experiments. 

Bctions give the forward movement (or positive wak« 
point, as a pArcentage of the forward movement of dhe 



The figures on the sections give the forward movement (or positive wake) of the water at any 



of Pitot tubes the velocity at various points around the stem of a ^ 
ship, and Fig. 47 shows the wake values he obtained. 

The designer is mainly concerned with that part of the wake in 
which the screw works, and the wake factors determined by screw 
experiments, or by the analysis of steam trials, give the mean 
wake over this area, and are used as already explained. In 
Tables 38 A, B, C, D, E, is given a list of ships and the wake 
fractions (t^;) obtained generally by model experiments. The 
speed Fi of the screw through the water is given by 
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These values apply generally to screws with good dearances 
between hull and tip of blades, such as are usually worked in twin- 
screw ships, viz., from 1 to 2 feet, not having any obstruction in 
front which might materially affect the flow of water. 

§ 80. — The following additional remarks are based upon 
Froude's, Luke's and Semple's experiments : — 

(1) The wake fractions are practically independent of the screw 
pitch, and number or area of blades, as theory would lead one to 
expect. 

(2) Wake decreases very slightly with speed for all practical 
speeds. 

(3) With a single screw, diminishing the diameter increases the 
wake value, but decreases the thrust deduction value as well, the 
hull efficiency increasing somewhat with smaller diameters. It 
must be remembered that this result could not be obtained in a 
ship having very full after lines owing to the dead water effect. 
Decrease of diameter in any ship would be accompanied by higher 
slip, and probably lower screw efficiency, which discounts some, 
if not all, of this apparent gain in hull efficiency. 

(4) For low-speed vessels working with a true shp of about 
22 per cent., there is the danger of getting on the low sUp side of 
the efficiency hump. This can be avoided either by designing 
the screw for a slightly higher slip than that which gives the 
maximum possible efficiency, or by using a wake fraction slightly 
lower than the tables give. The loss in efficiency by doing this is 
not important, and a good result is assured. 

(5) The fore-body of the ship has practically no influence upon 
hull efficiency or wake. 

(6) Increase of the prismatic coefficient of the after-body of 
twin-screw ships, keeping the screw diameter and tip clearance the 
same, and with the same fore and aft position of the screw, leaids 
to lower hull efficiency values, the loss becoming more marked at 
those speeds at which heavy wave-making occurs. This loss is due 
partly to sUghtly lower wake fractions, but more to higher thrust 
deduction values with the fuller form. If the screws be kept on 
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the same centre line as the stem is filled out, and are shifted 
further aft so as to maintain the same clearance of the blade tips, 
the hull efficiency does not alter to any great extent. This is an 
important matter, and must be borne in mind when the stem is 
filled out to obtain lower towing resistance. 

(7) Variation of clearance between the tip of the propeller and 
the ship has a considerable effect upon the wake and thrust 
deduction. This effect is generally the same whether obtained 
by varying the spread, fore and aft position, or diameter of the 
screws. Small clearances give higher vrake fractions and higher 
thrust deduction values. The greater the clearance becomes, the 
nearer to unity does the hull efficiency approach. So that a low 
hull efficiency can be improved by giving the screw a greater 
clearance, but, unless a smaller wake fraction is desired, or a 
smaller thrust deduction, there is nothing to be gained by increased 
clearance if the hull efficiency is already close to unity (see effect 
upon cavitation). 

(8) The smaller the wake experienced by a screw, the smaller is 
the real slip at any ship speed and revolutions, and the higher can 
the revolutions be worked before reaching the cavitation limit. 
If this smaller wake factor is obtained by large clearance, the 
presence of the hull has less effect upon the thrust exerted by the 
propeller tips as they pass the huU — i.e., the pressure on each 
blade remains more imiform throughout its revolution. This is 
important in high-speed ships, and is dealt with in the section on 
Cavitation. 

(9) The lower a screw can be kept relative to the hull, the 
smaller will both thrust deduction and wake become, and the 
nearer to unity will the hull efficiency approach. A Iqw position 
of the screws also has the advantage that the screws have less 
chance of breaking the water surface when the vessel is at a light 
draft or pitching. 

This effect in a more or less exaggerated form can be seen from 
the following table, which gives the results of trials of two self- 
propelled barges of -9 block coefficient :— 
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Table 30. 
Trials of U.S. Navy OU Barges Nos. 2 and 3. 



Number of Column : — 



Propeller 
dixneDsions 



diameter (feet) • 
pitch (feet) 

dey. area (square feet) 
(numbes of bladea 
Bevolutiozis .... 

Speed in knots 



6-5 
4-25 
12-9 
4 

204 

134 
4-42 



617 

3-6 
100 

3 
213 
150 

512 



6-76 
3-5 
6-6 
3 

211 

131 
4-70 



6 



6-25 

3-33 
20-3 

4 
206 
175 

5*24 



6-75 

3-5 
140 

3 
206 
178 

6-24 



These vessels failed to get their speed of 6 knots on the first trials, 
and although alteration of propeller dimensions effected some 
improvement, the true solution was foimd in lowering the pro- 
peller by angling the shaft downwards until the blades projected 
below the keel, the results for which are given in column 6 of the 
table. 

(10) McEntee has found that in a single screw ship of '18S 

prismatic coefficient, with the screw in the normal position 

relative to the body post, shortening the run, keeping its fulness 

the same, produced higher wake and thrust deduction fractions, 

the hull efficiency remaining of fairly constant value 1*08, for all 

, . 1 1 . . rm . beam X draught . , , 

practical conditions. The ratio j^ 1 — ^ — in these expen- 

^ diameter* ^ 

ments was 5-4. This general result is supported by similar tests 

made by Semple with models of '78 and -73 prismatic coefficient. 

T xu • X i. J.' £ beam X draught ^ . , 

In these expenments two ratios of ^. — g^— were tned, 

viz., 5-0 and 3-6. With the propellers quite close to the body 
post ('007 length from post) as in McEntee's experiments, hull 
efficiencies of 1-08 and 1'13 respectively were obtained, associated 
with the very high wake fractions -49 and '46 respectively. 

(11) In single screw ships, moving the propeller further aft, i.e., 
giving more clearance between it and the ship, produces a very 
sUght gain in hull efficiency, but has a larger effect on the wake 
fraction, this dropping from the value '45 as above, to -40 for a 
fore and aft shift of -01 the ship's length. 
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§ 81. Inward and Outward Turning Screws. — ^An inward tuming 
screw is one in which the blades are moving inwards at the top 
of the screw disc when going ahead. Twin screws placed at some 
distance before the after-perpendicular must work in water which, 
near the hull at least, is not moving perpendicularly to the screw 
disc. - This inward movement of the water is invariably greatest 
near the water line, t.e., at the top part of the screw disc. The 
transverse movement in the stream flow is therefore in the same 
direction as that of inward turning blades at the top of the screw 
disc, when the screw is going ahead, and in the opposite direction 
to that of outward tuming blades in the same position. 

Taking first the case of screws working without any bossings or 
brackets in front of them. Froude's experiments show that, in 
so far as there is any difference, the inward tuming has a slight 
advantage on hull efficiency, mainly due to a slight increase in 
wake factor. This advantage did not vary in any consistent way 
with spread of screws or type of vessel, and its mean value taken 
over a large number of cases is about 1*4 per cent., the mean 
increase in wake being -6 per cent. Vessels having A brackets to 
support the outer ends of the shafts, with only small bossings or 
" swellings " where these break through the hull, may be con- 
sidered as working under conditions which approximate to the 
above, and the above conclusions will hold good in their case. 

When large bossings are adopted the case is very different. 
These bossings are liable to interfere considerably with the 
natural flow of the water around the stem. This natural flow 
has been found to be upwards and inwards in more or less diagonal 
planes. A horizontal web at about half -draft prevents a good 
deal of this upward flow from taking place. The surface streams 
must then move in more rapidly than before, in order to avoid a 
cavity, and at the after end of the web where there is no restriction 
the lower streams will have a more marked upward movement. 
In the same way, a vertical web exaggerates the upward and for- 
ward flow along the buttock lines below the web, and there will 
be more rapid movement inwards just aft of the end of the web» 
particularly at the top of the screw disc. 
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The effect of such changes upon the towing resistance has 
already been given in Table 25. But this is not by any means 
the only effect of the bossings. The exaggerated inward flow 
near the surface with horizontal bossings and the equally impor- 
tant changes in stream flow due to vertical bossings, affect the 
wake and screw efficiency. The presence of the bossings in front 
of the screw wiU naturally increase the thrust deduction slightly, 
and, being a source of resistance, wiU increase the wake also, but 
it is in the effect upon the relative advantages of the two directions 
of rotation that it becomes important. 

Fig. 48 shows the results of some experiments made in the 
Clydebank tank with bossings inclined at different angles on a 
model whose principal dimensions were : — 

Length, 17*0 feet ; beam, 2-5 feet ; draft, -75 feet ; Qll) value, 

6-2. 

Prismatic coefficient — ^fore-body, -627 ; after-body, -719. 

Propeller dimensions — diameter, '5 foot ; spread, -417 foot from 
centre line ; screw centre before A. P., •125 foot; immer- 
sion — tips, -167 foot ; centre -417 foot. 
Speed of model in knots 

= -8 s/i^Tigth in feet. 

The bossings were all • 1 26 x (screw diameter) in thickness 
rounded at the outer edge, well tapered off aft. 

For all angles of the bossings the thrust deduction was increased 
some 2 per cent, over that for naked model, but the wake values 
differed with angle, the variation being in opposite directions with 
inward and outward turning. The exaggerated inward motion 
at the top of the screw disc produced by the horizontal webs gives 
an enlarged wake outward turning, and a decreased wake inward 
turning. The vertical web has the opposite effect upon the wake. 
The effect upon the hull efficiency and the product of hull efficiency 
and total resistance, are shown by the flgure. 

These results are for model, and it is possible that the wake 
effects are somewhat greater than they would be in the ship, but 
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there can be no doubt that the broad conclusions will be the same 
for both ship and model. Neglecting screw efficiency, the resolte 
warrant the conclusion that inward turning screws leqoire an 
angle of bossing of about 45 degrees, and outward tuming do 
best with smaller angles than this. Taking screw efficiency into 
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Fio. 48. — Angle of Shaft BoBsing and Hull Effloieno; Elements. 

account, as one must in a ship, it will be noted that with horizontal 
bossings and outward tuming screws, or vertical boasings and 
inward tuming screws, there is a high wake, which, with snch 
f omis as that under test, will mean either a veiy high slip and low 
efficiency of screw, or larger diameter with smaller pitch and largN 
bossings, the screw efficiency dropping, but not so much as before. 
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This loss may be considerable, and Froude has stated that it just 
about balanced the gain in hull efficiency in cases he has. tried 
(compcuring the horizontal and 45 degree bossings). It follows 
that either inward turning combined with horizontal webs or 
outward turning and vertical webs, will always give bad results. 

This to some extent explains the relatively bad results ob- 
tained by Mr. Duncan with inward turning screws and ** fairly 
horizontal " bossings. With inward turning screws the speed 
obtained was 9-34 knots ; by changing over the propellers so that 
they ran outward, and running the engines at the same revolutions 
as before, the speed was 10*34 knots. A similar case has been 
given by Mr. Taylor. The Niagara II., a steam yacht of 2,000 
tons displacement, 250 feet length, did 12-8 knots with inward 
turning screws, the I.H.P. being 2,100. With the same screws 
outward turning, the speed was 14*1 knots with 1,950 I.H.P. The 
vessel was fitted with " wide horizontal bossings." 

Wake values for a great number ot ships of various types are 
given in Tables 38 A, B, C, D, E. 

§ 82. Multiple Screws. — ^The number of shafts adopted in 
propelling a vessel depends to a certain extent upon the type of 
main engine to be used, and upon the actual power to be delivered 
by the screws. Large thrusts require large areas of screw blade, 
which means either large diameter with a given number of screws 
or smaller diameters and more shafts. But there are usually 
fairly rigid restrictions on the maximum diameter which can be 
worked on any ship. Long lengths of outboard shafting are very 
unde&drable both from the resistance and vibration points of view, 
and generally the screw disc must come within the maximum 
beam and above the keel line. Screws of large diameter require 
high shaft lines in the hull and therefore reduce the cargo space a 
little, and in certain vessels would require more care in lajdng the 
vessel alongside a jetty to avoid fouling the screws. On the other 
hand, the fewer the number of shafts the less expensive, as a rule, 
is the installation, the supervision is less, and the shaft bossing 
resistan^ is less. 

Assiuning that the main engines require high revolutions for 
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good ,M^. . I, b.0^ .ha. the pc^Z o. ,^ good 

efficiency out of the screw is limited by tw things : — 

The thrust cannot be increased bdg^d a certain amount 
per square foot of blade surface. 
The pitch must be such as to give a reasonable slip. 
But it is seldom good to keep the pitch very low relative to 
diameter, and as the power to be delivered by the screws is 
increased, there will come a time when it is advisable to increase 
the number of shafts rather than to increase the diameter or 
pitch of the existing propellers. 

With low revolutions of the main engines a large diameter of 
propeller and high pitch ratio can be adopted, and higher thrustE 
can be delivered on a single shaft with quite reasonable scre^ 
efficiency. It is of little or no lise adopting a type of main engine 
suitable for high revolutions, and sacrificing considerable effi- 
ciency by working it at low revolutions to suit the screw. The 
gain, if it exists, would not warrant the extra cost usually involved. 
If an economical high revolution engine is to be used, its revolu- 
tions must be reduced to what gives reasonable efficiency of the 
screw, by some means external to the engine. 

The propulsive efficiency of triple or quadruple screws can be 
obtained exactly the same as for twin screws. It is necessary to 
know the wake fraction and hull efficiency for each screw position. 
With these the screw efficiency can be obtained from Froude's 
results (Figs. 37 and 40). The doubtful point at present is the hull 
efficiency. The best data upon this, for quadruple screws is given 
in a recent paper by Mr. Luke. A comparatively fine lined model 
was tried in the Clydebank tank with twin and quadruple screws. 
The particulars of the model and screws aret given in Table 31. 

Experiments were made with the forward and after screws 
separately, each giving a thrust equal to half the resistance of the 
model plus the augment caused by these screws. The aggregate 
thrusts of the forward and after screws thus equal the total 
augmented resistance. This assumes complete non-interference, 
and as this was a doubtful point, further experiments were made 
to observe the effect on the performance of the forward screws, of 
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a pair of revolving screws placed in the after position, and also on 
the after screws of a pair placed in the forward position. 

The results of the twin-screw experiments call for no special 
comment except that the high hull efficiencies are probably due 
to the close proximity of relatively small propellers to the hull of 
a very wide model. Table 82 gives the hull efficiency elements 

Table 31. 
Quadruple Screw Experiments. 

Model dimensions : — 

Length . ' 16-67 feet 

Beam ....... 2-5 ,, 

Draft -75 foot 

Block coefficient ..... *60 

Propeller particulars : — Inner, Outer. 

Diameter (feet) . . . -883 . . -883 

Number of blades 
Spread from centre line (feet) 
Centre before A. P. (feet) . 
Clearance from hull . 
The inner and outer screw discs when projected on the transverse 
plane just touched each other. 



3 ..3 

•25 . . -583 

•25 . . 15 
•125 diam. ^125 diam. 



for each position with the four screws revolving. It will be 
observed that the forward screws have a material influence on 
the wake of those in the after position, and the hull efficiency of 
these screws is considerably reduced ; but the after screws have 
very little effect upon the forward ones. Some light upon two 
most important points in connection with the propulsion of 
vessels by quadruple screws is obtained from these experiments. 

In the first place the relative wake values to use in propeller 
design are approximated to, and in the second place the combina- 
tions of directions of rotation to ensure the highest gross hull 
sfficiency can be obtained. With this particular model, the gross 
hull efficiency values obtained with the various possible combina- 
tions of inward and outward turning screws in either position are 
almost identical, although it is not possible to say that this is a 
general rule. The fact that the clearances and diameters were 
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the same for both positions, and that the effect of the bossings is 
to be superposed upon these results^ must be borne in mind when 
using them in any case. 

In several ships whose trials have been analysed the author 
has found that the forward screws have influenced the wake of 
the after ones, reducing it to about equality with that of the 
forward, and in the case of a high-speed triple-screw vessel to 

Table 32. 

Results of Quadruple Screw Experiments. 
(Model and screw data are given in Table 31.) 



HuU 

EfS- 

ciency. 



After screws only ( P"*^"^, ^"^•'^g 

^ \ inward turning 

Forwari — only I SJStSS* 





Thrust 


Wake. 


Deduc- 




tion. 


•21 


•14 


•20 


•11 


•24 


•13 


•24 


•10 



104 
1-07 
108 
112 



The effect of action of neighbouring screws on above results :— 



HuU 

Effi. 

deacy. 



Wake, 

etc., of 

after 

screws 



< 



Wake, 

etc., of 

forward 

screws 



\ 



outward 
turning 

inward 
turning 

outward 
turning 



inward 
turning 



forward screws (out- 
ward turning) . 

forward screws (in- 
ward turning) 

forward screws (out- 
ward turning) . 

forward screws (in- 
ward turning) . 

after screws (out- 
ward turning) 

after screws (inward 
turning 

after screws (out- 
ward turning) . 

after screws (inward 
turning) • 



Wake. 


Thrust 

Deduc- 

tioii. 


•16 


•18 


•13 


•12 


•15 


•12 


•10 


•10 


•22 


•18 


•22 


•12 


•28 


•12 


•28 


•10 







1-01 
•99 
1-01 
•99 
1^06 
107 
108 
1-10 
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4 per cent, less than that of the wing screws, the wake of which 
was 2 per cent, positive. ^ 

This influence of the forward screws upon the after ones cannot 
be good for the screw efficiency itself. It would only be felt upon 
the outer part of the screw disc, and the blade tips would pass 
through this stemward wash from the forward screws, into the 
strong forward wake near the ship's hull, with every revolution. 
When projected upon the transverse plane, in the case of triple 
screws, the discs should clear each other by at least -2 of the 
diameter. With quadruple screws good results have been 
obtained when the projections of the screws on a transverse plane 
only clear each other by a few inches, but as a rule the forward 
screws have been several diameters ahead of the after ones and 
somewhat higher in the hull. The natural stream line flow will 
tend to wash the race from the forward screws upwards as well 
as inwards, and the raised position of the forward screws com- 
bined with the distance between the two positions, all tend to 
help the race of the one to clear the other. 

The results of some model experiments made in the Spezia tank 
are given in Table 33. These experiments were made in order 
to compare triple and quadruple screws. It will be seen that the 
mean wake values are higher for three screws than for four, and 
this was largely due to an increase in the wake of the centre screw 
of about 7*8 per cent. As the thrust deduction was about the 
same with either three or four screws, the hull efficiency was 
therefore better with the former. Triple screws also had the 
advantage of lower appendage resistance, and would have a 
decided advantage in propillsive efficiency in this case, if they 
could be designed to avoid cavitation and do their work with as 
high screw efficiency proper as quadruple screws would give. 
This would need investigation for any ship on the lines already 
given, before a complete comparison could be made. 

Contrary Turning Screws, i.e., propellers on the same axis 
turning in opposite directions. — ^These have been tried both in 
open water and behind models. Tests made by Mr. Luke in 
open water with combinations in which both screws were of the 
Bame diameter, the pitch ratio of the leading screw being 1*2 and 
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Table 33. 



Form : — 


A 


B 


Length in feet 


630 


620 


Beam in feet 


93-3 


900 


Draft in feet . 


27-6 


27-9 


Displacement in tons 


24,700 


24,600 


Block coefficient 


•536 


•555 


Number of screws : — 


4 


3 


4 


3 


Transverse spread of 


Projection of 


Projection of 


Centres of 


Winff screws 
2^64diametof 


screws. 


discs nearly 


discs just 


outer sorewB 




touching each 


touching each 


4-2 diameter 


apart. 




other, centre 


other. 


apart. 






of outer 




mner screws 






screws 




1*6 diameter. 






3*7 diameter 










apart. 








Centre of screw ' 












from after end 


outer 


Ill feet 


77-4 feet 


863 feet 


62 feet 


of water line 


mner 


61 „ 


426 „ 


44^0 „ 


376 „ 


(cruiser stem) 












Ratio of resistance of 










naked ship to resistance 










with appendages, cor- 










rected for ship . 


•925 


•95 


•95 


•975 


Speed in knots : — 


12 


24 


12 


24 


12 


24 


12 


24 


Mean wake values . 


•12 


•09 


•17 


•13 


•10 


•10 


•18 


•18 


Mean hull efficiency 
Product of hull efficiency 


105 


•96 


MO 


•98 


•98 


•95 


109 


1-0 


















and appendage coeffi- 


















cient .... 


•971 


•888 


1^004 


•93 


•93 


•903 


1-06 


•975 



that of the following screw varied in different tests from •S to l-B, 
all gave ej£ciencies about 85 per cent, of that obtained for single 
screws of the same proportions, tested alone — ^the highest efficiency 
with contrary turning screws being '61. Bota gave a maximum 
efficiency for contrary turning screws of 1*6 pitch ratio in open 
water as -63. 

When contrary turning screws are worked behind a single 
shaft line model, the thrust deduction fraction {t) is not materially 
different from that obtained with only one screw on the shaft, 
but the wake fraction {w) is greatly increased. For a vessel of 
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•65 block coefficient, at a speed equal to 16 knots for 400 feet 
length, the wake fraction found with the ordinary single screw 
was -34, and with contrary turning screws -60, giving hull efficien- 
cies of 1-11 and 1-33 respectively. For a vessel of -6 block coeffi- 
cient the corresponding wake fractions were -22 and -33, giving 
hull efficiencies of 1-0 and 1'17 for ordinary and contrary turning 
screws respectively. 

How much of this gain in efficiency is realisable in a ship is not 
known. Assuming the whole of it is genuine, then in the case of 
the fine form it is only slightly more than the loss in screw effi- 
ciency. Li the full form it is sufficient to give a gain of 8 per cent, 
in total efficiency. Rota has found that in a steamboat of 
26 tons displacement, the indicated horse-power necessary to 
propel the vessel with contrary turning screws (including that 
necessary to rotate the shafts in opposite directions) was " slightly 
less " than that with a single screw of larger diameter. 

Tandem Screws. — ^By this term is meant screws on the same 
shaft line turning in the same direction. In open water Durand 
has found that the highest efficiency of such screws is about 
5 per cent, less than the efficiency of single screws, and in many 
cases was much lower than this. The thrust obtained with the 
two screws varied up to 1«6 times that of a single screw, and this 
was obtained with the rear screw having considerably greater 
pitch than the leading one. Luke found that with screws of 
1-2 pitch ratio, placed two-thirds of a diameter apart on a shaft, 
the efficiency was low and the Ih'ust only 10 per cent, greater 
than when one screw was removed. 

The tandem screws had no particular eflFect on either the wake, 
thrust deduction or hull efficiency of a model of -6 block coefficient 
at a speed of 18 knots for a 400-foot ship, and in view of their 
relative low thrust and poor " open " screw efficiency, they are 
not useful in ordinary cases. 



CHAPTER XXn 



MAIN ENGINE 



§ 83. — ^It is only intended here to run over the main effect 
which type of engine has upon the propulsive efficiency in general, 
and not to consider the reasons for this effect so far as the engines 
are concerned. Every type of engine, whether it is steam recipro- 
cating with three or four cranks, steam turbine, oil, gas, or 
electric, has a certain range of revolutions over which it will work 
at its best economy, and there is a penalty to pay, if for any reason 
the revolutions are fixed outside this range. In some types this 
penalty is a comparatively small one, and in others assumes 
serious proportions. 

There are two different sides to the question which have to be 
considered : — 

(1) The cost of producing one brake horse-power per hour 
on the propeller shaft ; 

(2) The economical utilisation of the whole power developed 
by the engines. 

Good propulsive efficiency is of little practical use if it is obtained, 
either by the wasteful consumption of cheap fuel and water, or by 
the economical consumption of an expensive fuel. On the other 
hand, a cheap means of producing power has to be combined with 
an efficient mechanism for thrusting the ship along, or it is of no 
use to the naval architect. 

For very large powers only two types of engine are available, 
namely, the reciprocating and turbine engines, and of these the 
reciprocating is approaching its upper limit both as regards piston 
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speed and revolution. For more moderate powers the oil engine 
becomes a competitor, and for still smaller powers the gas and 
electric engine are available. The power limitations of the last 
three types are not necessarily set by any inherent qualities ol 
the engines, but because of their comparatively smaller develop- 
ment. 

The Reciprocating Engine is fairly eflScient at all moderate 
speeds, its mechanical eflBciency varying from -8 for low to 
•88 for full power in triple-expansion, and to -92 for quadruple- 
expansion engines, exclusive of thrust block friction, which 
might be taken as absorbing 2 per cent, of the power. Its 
coal consumption is about 1'3 lbs. per I.H.P. per hour for 
a three-crank engine, exclusive of auxiliaries, or 1'64 lbs. per 
S.H.P. Taken on a prolonged voyage and for all purposes, 
the consumption of coal may be taken as roughly 1*5 lbs. 
per I.H.P. for triple and 1*34 lbs. for quadruple-expansion 
engines. This gain in coal consumption with the quadruple- 
expansion engine has to be balanced against the extra cost 
and larger engine-room involved, and would be realised only 
on long voyages. 

Going astern its power is about -89 of that going ahead. 

The Turbine. — ^For high powers to be delivered at high speeds, 
the turbine has a lower coal consumption per S.H.P., and its 
efficiency is at least equal to, and sometimes more than that 
of the quadruple-expansion engine. It produces an almost 
uniform torque on the propeller shaft, enabling higher mean 
thrusts to be used on the propeller blades and causing less 
vibration. On the other hand, it is not reversible, and an 
astern turbine or a transformer must be fitted. A turbine 
gives better efficiency as the blade speed approximates to 
the steam speed, and for this reason high revolutions are 
better than low. A land steam turbine developing powers of 
10,000 H.P., gives the best performance at 1,000 revolutions 
per minute or above, and for smaller powers at still higher 
revolutions, the coal, consumption being as low as 1*0 lb. per 
S.H.P. per hour^ 
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But if a vessel is of only moderate speed the turbines cannot be 
run at such high revolutions without serious loss in screw efficiency, 
and to avoid this loss transmission gear between turbines and 
screw has been adopted in recent years. 

This loss at low speed can be seen from the following results for 
the Amethyst and Topaze : — 



Table 34. 
Distance Travelled per 


Ton of Coal. 


Speed in 
Knots. 


Amethyift, 

with Turbine Engines and 

direct Drive to Screws. 


Topaze, 
with Four-cfiftnk Recipro- 
cating Engines. 


10 
14 
18 
20 


7-42 
6-6 
4-8 
42 


9-75 
6-8 
8-7 
2-9 



Trials with other vessels show generally the same variation. 
Thus at one-fifth power the " Invincibles," with turbines and 
direct drive to screws, require 2-4 lbs. of coal per S.H.P., and the 
** Minotaurs," with reciprocating engines, require only 1-9 lbs. 
At high speeds the corresponding figures are 1'2* lbs. and 1'76 lbs. 
respectively. The water consumption varies in the same way, 
but not to the same extent, the figures at high speed being about 
12'0 lbs. and 15'8 lbs. respectively. 

All of this gain in the turbine at high speed shown by the con- 
sumption per S.H.P. is not necessarily realised. Larger powers 
are required owing to the lower propulsive efficiency compared 
with that obtained with reciprocating engines at lower revolutions. 
The propulsive efficiency of the Utah, with turbines ftaken as the 

E H P \ 
ratio ^' pj , is -62, and that of the Ddaiuare, with reciprocating 



* The coal consumption of the Lusitania, with Scotch boilers and tur- 
bine engines, is 1*43 lbs. per S.H.P. per hour. 



MAIN ENGINE 217 

O XT p 

engines, is -69, assuming that jWp" ^s 'QO. This loss* in pro- 
pulsive elBBciency must be set against any gain in consumption 
per S.H.P. In some cases it exceeds the latter. A comparison 
of the results of the Caronia and Carmania will illustrate this. 
The former has quadruple - expansion engines driving two 
screws at 80 revolutions per minute at 18 knbts ; the latter 
has compound turbine engines driving three screws at 176 
revolutions per minute. The coal consumption of the latter 
is stated to be "considerably greater" than that of the 
former. 

The crossing-over point at which the purely reciprocating and 
purely turbine ship are about equally economical in coal appears 
to be in the neighbourhood of 16 to 18 knots for the intermediate 
class of passenger-cargo steamers. For steamers of moderate 
power and speed, the two propulsive defects of a turbine with 
direct drive to the screw — non-reversibility and high revolutions 
— can be removed wholly by fitting a transformer of the " Fottin- 
ger " or electric type between the turbine and propeller, or in 
part by the introduction of mechanical gearing. The relative 
propulsive advantage of the reciprocating and turbine engine, 
with or without transmission gear, depends to some extent upon 
whether the former can be arranged to give the best screw eflB- 
ciency. If this is the case, whatever is to be gained by change of 
type of engine must be obtained from the turbines and trans- 
mission, and to whatever extent it is not the case there is further 
possible gain with the latter. The additional weight of the trans- 
former, whether water pump, electrical, or mechanical gearing, 
is roughly speaking compensated for by reduction of weight of 
turbines. In some cases there has been a fair gain in weight by 
fitting a high revolution turbine and a transformer of some kind, 

* The Italian cruiser San Marco, with turbines on four shafts, has 
practically the same propulsive efficiency as the sister ship San Giorgio, 
with reciprocating engines on two shafts, the S.H.P. of the former being 
*89 of the I.H.P. of the latter at 22 knots, the mean revolutions per 
minute being 380 and 140 respectively. 
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but the area of engine and boiler room remains about the same in 
vessels of moderate speed. ' 

The ** Fottinger " Reducing and Reversing Gear can be arranged 
for reduction ratios from 3toluptol2tol and has the following 
eflBciency : — 

SmaU powers about 150 H.P. . . eflBciency=-865 
Larger powers about 600 H.P. . . „ =*88 

Powers above 1,000 H.P. • . . „ =-90 

The above eflBciencies include the effect of thrust block friction. 
A SmaU portion (Ij^ to 2 per cent.) of the loss in the transformer 
can be recovered by using transformer water for feeding the boiler. 
No astern turbine is required in this case, the transformer taking 
its place, and in a recent case the astern power has been as much 
as 80 per cent, of the ahead power. This astern power can be 
maintained for prolonged periods without detriment to the 
sngines. 

With an installation developing 2,400 S.H.P. the water con- 
sumption was 12*46 lbs. per S.H.P. for turbines and transformer 
alone, and the coal consumption was 1*38 lbs. per S.H.P. including 
auxiliaries, the coal not being of very good quaUty. If the trans- 
former is to be any advantage in propulsion, the known loss in it 
of about 11 per cent, must be made good by greater efficiency in 
the screw and turbine. The above figures, which are believed to 
be reliable, compare very favourably indeed with the water and 
coal consumption of a reciprocating engine, and the efficiency of 
the screw with the turbines and transformer would be at least as 
good as with the reciprocating engines, and much better than 
with direct turbine drive. 

Installations of 10,000 H.P. on one shaft are in hand for the 
25,000 ton steamer Admiral von Tirpitz, and the shop tests show 
an over-all efficiency of 92 per cent, for these. 

Hechanical Oearing. — Gearing up to shaft horse-power of 
15,000 on each pinion, and to 25,000 on each gear wheel is now 
in use on war vessels, and many merchant vessels, from cross- 
channel steamers to 10-knot cargo boats have been fitted for some 
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years with geared turbines, which have worked without any 
serious trouble. Reduction ratios up to 28 in one gear and up 
to 55 with double reduction gear are in use. The loss in power 
in the gearing is about 2 per cent., and thef e is an additional small 
loss of 2 to 4 per cent, if the ordinary thrust block is used. If the 
thrust is taken on pivoted blocks this loss is very small, being 
only some -2 to -3 per cent. The gain in turbine eiBficiency at the 
high revolutions possible with the gearing is considerable, and the 
screw can also be arranged to work at good efficiency. %r 

This eliminates the most serious disadvantage of the turbine 
for low and moderate speed vessels, but the astern turbine is still 
a necessity and leads to a little compUcation and as a rule, to loss 
of astern power, compared with the reciprocating engine. The 
astern power is usually about 60 per cent, of the ahead power, 
but more can be arranged if desired. The cost of the installation 
is somewhat greater than that of reciprocating engines of the same 
power. 

The reduction of coal consumption in a pure cargo boat by the 
adoption of a geared turbine engine was shown by the results 
obtained with the Caimross, fitted with Parson's mechanical 
gearing and high speed turbine, compared with a sister ship, the 
Caimgowany fitted with triple expansion engines. These ships 
were 370 feet in length, 51 feet in breadth. At a displacement of 
9,900 tons on a draft of 23-5 feet, the coal consumption of the 
turbine ship was 28 tons per day, against 32 for the Caimgowan — 
a gain of 14 per cent. Somewhat similar results for a number of 
cai^o boats of about 450 feet in length and 15,000 tons displace- 
ment, at speeds varying in different ships from 10 to 13 knots, 
show very much the same sort of reduction in coal consumed, 
with geared turbines, compared with either triple or quadruple 
expansion engines.* The simpUcity of gearing compared with the 
two other practical modes of reduction is important for ships 
which have to work for long periods away from any repair base. 

Electrical TransfoFmers. — These have been tested on several 
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ships of comparatively moderate powers. The efficiency of the 
electrical gear is claimed to be 88 per cent, and the weight of 
machinery is slightly greater than with mechanical gearing. Just 
as with any other transformer, the turbine can be run at very high 
revolutions. With electrical gear, however, the ship's speed can be 
altered or reversed with the turbines running in their normal direc- 
tion. No astern turbine is required with it, and the f uU power of 
the main engine is available for go'.ng astern. ... For vessels of high 
power a number of independent high-revolution turbine generators 
can be used in any convenient part of the ship, and some of these 
can be cut out for low speeds. The system can be used with 
internal combustion or any other engine as the prime morer. It 
has the disadvantage of introducing high-voltage alternating cur- 
rent into the engine room. The United States coal collier Jupiter 
(length, 520 feet ; displacement, 19,000 tons loaded) is fitted with 
one turbo-generator making 1,990 revolutions per minute at full 
speed (14 knots estimated), driving two motors with an approxi- 
mate reduction ratio of 18-0. The shop tests of turbine and 
generator show a steam consumption of 12 lbs. per S.H.P. The 
weight of machinery is said to be 166 tons compared with 280 tons 
in the sister ship Cyclops^ driven by two triple-expansion engines, 
and she has maintained 14*8 knots on her trials against 14*6 knots 
of the latter, the S.H.P. of the former being 6,300 and the I.H.P. 
of the latter 6,700. 

The cargo boat Tyneinount is fitted with two 300 B.H.P. oil 
engines making 400 revolutions per minute, supplying current to 
one 500 B.H.P. induction motor on the propeller shaft. This 
vessel is said to have passed her trials satisfactorily. Consump- 
tion and efficiency figures have not been published. 

Combination of Turbine and Reciprocating Engines. — ^In this 
system the steam is first taken to a reciprocating engine and then 
to a low-pressure turbine. Each type of engine is then run under 
its best conditions, and large expansions of the steam are possible. 
No astern turbine is required with this arrangement, but the 
astern power is necessarily limited to 89 per cent, of the ahead 
power of the reciprocating engines. Unless there is sufficient 
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beam to place them more or less abreast each other, the engines 
are liable to require a long engine-room, and cargo and passenger 
. space then suffers. 

The system is most useful for vessels of moderate speed (16 to 
21 knots) and fairly large power. Comparatively high revolu- 
tions are necessary for economy, the drive being direct from 
turbine to screw as a rule. The saving in coal in a good example 
is given by the comparison of the Laurentic and Megantic. These 
vessels are 666 feet in length, 20,000 tons displacement, the former 
having triple-expansion engines on the wing shafts and a low- 
pressure turbine on the centre shaft. The latter has quadruple- 
expansion engines with two screws, and consumes 12 per cent, 
more coal than the former. The same system is fitted in the 
Otaki (length, 465 feet, displacement, 11,760 tons on trial), and 
the advantage in its favour compared with quadruple-expansion 
engines is stated to be 20 per cent, in steam consumption. The 
Olympic (length, 862 feet, speed, 21 knots) and several other large 
vessels making long voyages also have such engines. 

Oil Engines. — ^The oil engine has the great advantage that it is 
self-contained, requires no intermediate process of transformation 
between fuel and engine, has low stand-by losses, and requires 
smaller space than the reciprocating engine and boilers. The 
fuel can be quickly stored in places not suited for coal and requires 
no trimming. Against these advantages must be set the facts 
that the supply is only possible at certain ports, and the cost per 
ton is much higher than that of coal, outside of certain restricted 
areas. Low flash-point oil cannot be carried under holds owing 
to the danger of vapour getting into the latter. 

The power which can be generated in one cylinder is limited at 
present to about 600 B.H.P., and by grouping smaller cylinders 
powers up to 2,000 B.H.P. can be developed on one shaft. The 
type involves reciprocating parts, with the possible attendant 
vibration. The two-stroke is more simple and has a more equal 
turning moment than the four-stroke, but its consumption is 
about 10 per cent, higher and the piston temperatures are higher. 
Engines of moderate power — up to 1,260 S.H.P. on each shaft-^ 
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have now shown themselves to be fairly reliable on service. The 
oil consumption and efficiency can be seen from the following 
figures : — 

The Selandia (length, 370 feet, displacement, 9,800 tons loaded) 
is fitted with two shafts each driven by a four-stroke cycle 
" Diesel " oil engine making 140 revolutions per minute at about 
11 knots, developing 2,500 I.H.P. The mechanical efficiency of 
one of the main engines was found to be 'SS. This is exclusive 
of thrust block friction and auxiliaries, and in comparing it with 
the similar figures for the steam reciprocating engine it should be 
reduced some 3 to 5 per cent, to allow for the latter. The oil 
fuel consumption including auxiliaries was '44 lb. per S.H.P. 

The France, (length 430 feet, displacement, 10,700 tons loaded) 
is fitted with a two-cycle engine on a centre line shaft, and makes 
230 revolutions per minute, developing 1,450 B.H.P. at a speed 
of 10*2 knots. The mechanical efficiency of the engine was found 
to be '71, the engine being run on lamp oil and consuming -47 lb. 
per S.H.P. 

In considering the application of oil engines to low-speed ships 
the effect of revolutions upon efficiency of the propeller must be 
carefully borne in mind. Increase of revolutions above a certain 
limit, which depends upon the power and speed, is bound to lower 
the screw efficiency. Developing the power on two shafts, as in 
the case of the Selandia^ raises this revolution limit considerably 
above its value for a single shaft transmitting the whole power at 
the same speed. 

Gas Engines. — ^No engine of high power for use on board ship 
has yet been developed. Such an engine for general use requires 
a producer to bum bituminous coal on a large scale without 
caking, and the absence of such an one. of reasonable proportions 
and weight stands in the way of any considerable advance* The 
majority of gas engines are dependent on a clutch for reversmg, 
and special means are required for setting the engines in motion. 
The stand-by losses are about the same as for a vessel with 
an ordinary steam boiler. 

Where a good supply of coke, coke breeze or anthracite coal 
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is available this type of engine is used with great fuel economy. 
For small powers — up to about 450 H.P. — the consumption 
is -8 lb. of anthracite and 1 lb. of bituminous coal per I.H.P. 
per hour. 

Effect of Revolutions. — ^In the preceding section it has been 
stated that the propulsive advantages which might be gained by 
the adoption of certain types of prime movers are affected (some- 
times adversely) by the revolutions which are necessary to obtain 
reasonable efficiency in the engine. Two cases have been chosen 
to illustrate this effect. One of these represents a comparatively 
low-speed vessel, the other a vessel of intermediate type, both 
having twin screws. 

Ship Pabticulars. 



Item. 


Case 1. 


Case 2. 


Speed in knots (V) ..... 
Tnrust horse-power to be developed by two 


150 


20-6 


screws (2H) ..... 


7,500 


16,000 


Wake fraction ..... 


•18 


.144 


Speed in knots through wake water (F^) . 
Bunimimi area in square feet for cavitation 


12-71 


180 






(assuming 12 lbs. to the square inch) 


56 


84 


Screws three-bladed of imif orm pitch. 







For both cases, diameters and efficiencies for several pitch 
ratios have been calculated for various revolutions, and are 
plotted in Fig. 49. For any revolutions of the engine, the 
diameter and efficiency of the propeller will be given by the curves 
for the particular pitch ratio chosen. 

When considering the results two things have to be borne in 
mind — ^first, that the efficiency curves are for screw only, and any 
loss in this direction must be balanced against the lighter and 
smaller engine possible at the higher revolutions, and a better 
efficiency of engine in the case of turbine drive ; secondly, that 
the small diameters would be associated with smaller bossings or 
brackets, which gives them a slight advantage, and with proper 




Fio. 49. — BdTolatioiU and Screw Effloienoy. 

iguiM OD till eiDi>ei «• aUteUTf pitch ntlaa, av>*l to I'M tlmM tbs lw« pltd n 
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clearances there is no reason to suppose there will be any loss in 
hull efficiency with them. Somewhat more clearance will be 
required with the small screws than with the large ones. There 
is no definite published data on this point, but as both screws will 
be developing the same total thrust, the intensity of the water 
pressures around the smaller screw will be greater, and more 
clearance will be required to avoid an increase in the thrust 
deduction factor, which would counterbalance the gain due to 
the higher wake factor with the closer set screws. 

Case 1. — ^The developed blade area per screw must exceed 66 
square feet, corresponding to diameters of 14*6 feet and 12'0 feet 
for *4 and *6 disc area ratios respectively. These limits are shown 
by the thick vertical lines. As revolutions increase, the maximimi 
possible efficiency steadily decreases, until the cavitation limit is 
reached. It is then necessary to increase the disc area ratio, if 
further increase is made in the revolutions, and this entails a more 
rapid drop in the efficiency. The curves also serve to show 
that moderate changes in the pitch ratio of a screw of fixed 
diameter and area have little effect on efficiency down to 
diameters of 17 feet. For smaller diameters, pitch ratio must be 
decreased as revolutions are increased, in order to obtain the 
beet efficiency. 

Case 2. — ^The minimum blade area for avoidance of cavitation 
in this case, gives diameters of 15-9 feet and 12*5 feet for disc area 
ratios of *5 and '8 respectively, as shown by the full vertical lines. 
As before, the maximum possible efficiency falls off as revolutions 
are increased, and increase in the disc area ratio carries with it a 
still more noticeable drop in efficiency. This is shown for the 
1-0 pitch ratio by the fine dotted line, which holds for screws of 
fixed blade area with decreasing diameter as revolutions are 
increased. It will be seen that very small pitch ratio is never 
good in this case, and is particularly bad when associated with 
low revolutions or large area ratios. 

In both cases, variation of blade area has little effect upon the 
diameter or revolutions for given pitch ratio. 

Thete curves are based upon the data given in Figs. 37 and 39 ; 

S.7. ^ Q 
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they have been worked out as shown by the example in Table 28, 
and other cases can be dealt with in the same way. Such separate 
treatment is necessary in any case where there is any departure 
from general practice, particularly if there is any liability to 
cavitation. 



CHAPTER XXm 

CAVITATION 

§ 84, — ** Cavitation " is the name given to the phenomenon 
which makes itself felt by the absence of proper increase in screw 
thrust with increase of torque. The cause of it is not thoroughly 
understood, but the following explanation appears to be sound, 
and does not run counter to good theory : — 

Reynold's experiments show that the admission of air to a 
screw causes it to race heavily. If this air is carried round by the 
blades, it is compressed, and when released from the pressure 
expands and pushes the water back and out as well as forward, 
and thus retards the flow through the screw. If, therefore, the 
blade tips cut the water surface, or are near enough to the surface 
to suck down air, loss of efficiency will result. Under these con- 
ditions the thrust and revolutions of the screw are very sensitive 
to its immersion, and slight variations of the latter, caused by 
pitching or the passage of waves, will tend to cause considerable 
variation in the revolutions, producing what is commonly called 
" racing of the engines." This ** racing " is a species of cavitation, 
but all cavitation is not due to the blades breaking the surface or 
sucking down air. Screws have been known to cavitate badly 
when there has been no question of the water surface being broken. 
3uch phenomenon may be due to several causes. 

Cause 1. — ^An advancing and rotating screw produces in front 
of it a suction which causes the water to move towards the 
screw. The movement of the water is mainly longitudinal, and 
the acceleration of the particles at any point depends upon the 
difference of the still- water pressure and the suction of the screw 
at that point. This still-water pressure is that due to the depth 
of water, added to the atmospheric pressure, which averages 

q2 
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14'6 lbs. per square inch. Thus at 10 feet immersion the pressure 
is 19-4 lbs. 

When the suction at any point has reached the still-water 
pressure, increase of rotation will not produce more suction, and 
it follows that the acceleration of the water particles will not be 
increased, or, in other words, the water supply to the screw at 
this point remains the same although the revolutions have been 
increased. One of two things may then take place, either the 
water will rotate partially with the screw blade or a cavity will 
tend to form. The formation of the cavity will cause a break up 
of the stream flow at the point and consequent eddy-making. 
Both the rotary action and the formation of cavities mean loss of 
efficiency. 

If every part of the screw blade surface exerted precisely the 
same amount of force, this limiting suction would be attained all 
over it. But the water which passes the screw blades is forced 
into more or less definite stream lines, and the pressures in these 
streams vary according to their distance from the blade surfaces 
and screw centre. The thrust which the screw exerts is made up 
of two parts — viz., the suction on the back and thrust on the face. 
Owing to the circumferential velocity these are greatest near ♦ the 
tip, and, owing to the stream line action, at any radius the pressure 
across the blade is greatest near the leading edge. The greatest 
suction will therefore occur at the back of the blade towards the 
tip of the leading edge, and the greatest thrust at the same 
position, but on the face of the blade. ^7/ t?ie back of the blade is 
very full near the leading edge, it tends to produce at all small slips 
a negative pressure or suction on the driving face near the leading 
edge, and such a feature should be avoided. 

For most blades tested lineally in air at small angles, this 
suction effect constitutes more than half the thrust of the blades, 
and there can be little doubt that the efficient working of the 

* Some recent experiments with blades in air show that the mATitniim 
forces aie not experienced at the tip of the blade, but at some distance 
in. For a rotating blade this distance would be approximately one-ei|^th 
to one sixth the radius of blade from the tip. 
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screw depends upon the attainment of good suction on the back 
of the blades. Since cavitation will take place when the suction 
at any point reaches a certain limit, the back of the blade must be 
such as to attain good suction without any marked high local 
value. For this a sharp leading edge and a roxmded back with 
no sudden change of shape are required. The driving face 
appears to make little difference to the phenomenon provided it 
is either flat or hollow in section, i.e., of uniform or gaining pitch 
passing from leading to following edge. Since all comers and 
abrupt features tend to produce local high velocities, it follows 
that the contour of the leading edge at the blade tip must be well 
rounded to avoid cavitation. Above a certain limit (when the 
thickness exceeds •! of the width of the blade) the thicker the 
blade the smaller is the slip angle at which these high local 
suction values are likely to be attained, and the earlier is the break- 
down in the efficiency of the screw. 

Cause 2. — ^The above assumes that the screw is rotating uni- 
formly, so that the maximum cavitation pressure limit can be 
reached by the screws. This is fairly representative of turbine 
screws of small diameter, whose revolutions are generally constant. 
But with reciprocating engines the rate of rotation of the screw 
varies considerably during a single revolution. This can be seen 
from Table 35, giving the results of measurements taken by 
Mr. G. H. Heck. 

This variation in rate of rotation affects the slip at which the 
screw works, and hence its thrust. Thus with a mean slip of say 
20 per cent, a 2 per cent, increase in revolutions brings the slip to 
21*6 per cent, and increases the thrust of the propeller 12 per cent. 
The mean thrust of the propeller is therefore less than its maximum 
by an amount depending upon the variation in rate of rotation 
during a revolution. To a similar extent, the thrust when cavita- 
tion becomes present is less than what it might be with uniform 
angular velocity. 

The following table shows that the main factors in obtaining 
uniform rotation, are good balance of engines and good immer- 
sion. High revolutions also help in this direction, due to the 
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inertia of the rotating mass, particularly in the case of turbine 

engines. 

Table 86. 

Variation in Rate of Rotation of Screw Shafts. 











Percentage 










Variation from 


Tvpe ot Vessel. 


Type of Engine. 


Revo- 
lutions 
per 


Propeller Tips. 


Mean of 
Revolution. 










Minute. 




Taken 

over 

iRev. 


Taken 

ovev 

iRev. 


Cargo- boat 


two-crank com- 
pound. 


58 


wellimmeraed. 


12 


8-6 


Cargo-passenger . 


triple-expansion 
three-crank. 


66 


well immersed. 


4-6 


21 


»» 


>» 


68 


24 inches out 


7 to 9 (not racing) 








of water. 






Large cargo 


three-crank 


71 


20 inches out 
of water. 


5*6 


215 


Largo cargo 


four - crank bal- 
anced. 


66 


55 inches out 
of water. 


4-6 


1-2 


Small high-speed 


four - crank bal- 


104 


immersed 4 


4-8 


1-7 


passenger. 


anced. 




inches. 







Cause 3. — A good clearance between hull and blade tip is a 
necessity for any screw working at moderate thrusts. With 
reduction of clearance the supply of water to the blades as they 
pass the hull becomes more restricted, and eventually becomes 
insufficient. Each blade then breaks up the streams in the effort 
to supply itself with water. This water is then not thrust back- 
wards, but whirled round by the blade, which for some portion of 
its revolution, after passing the hull, has every appearance of 
** cavitating.'' It is nearly always possible to tell if this is taking 
place, if one can get to the inside of the hull plating near where 
the screw blades pass. The plating is subject to sharp and rapid 
vibration, and an emphatic crackling noise can be heard as the 
water is broken up. 

The higher the tip velocity of a screw the greater become the 
forces involved and the larger the clearance it requires. For this 
reason a section of the hull which follows the sweep of the pro- 
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peller tip for any distance, is likely to cause trouble unless the 
clearance is considerable. In destroyers with clearances of only 
10 inches, this phenomena has been obviously present, and it has 
been observed in larger ships having the same and slightly greater 
clearances. Turbine-driven screws having 30 inches clearance 
have not shown this defect although cavitating for other reasons. 

Cavitation Pressure Limits. — ^With high revolution, directly 
driven turbine screws, well immersed, having a clearance of at 
least 24 inches and good easy buttocks to the hull, a thrust of 
13-2 lbs. per square inch can be allowed. With the same con- 
ditions but deeper immersions 13*5 lbs. may be taken, and reputed 
pressures of 13*8 lbs. are said to have been realised. With a 
clearance of 12 inches a pressure of 13 lbs. can be realised under 
favourable conditions (the screw tips being immersed at least 2 or 
3 feet). 

With a well-balanced quadruple reciprocating engine running 
at high revolutions, Bamaby found that the pressure limit was 
given by : — 

Pressure per square inch of projected area=10'85-|-|xAlbs. 

where h is the immersion of blade tip in feet. These figures are 
considerably lower than the preceding, but are based upon trials 
with the Daring, in which the blade tips were immersed only 
1 foot and the hull clearance was about 10 inches. 

For propellers driven by four-cycle explosion engines, in which 
the turning moment varies considerably, Bamaby gives a figure 
of 8 to 9 lbs. per square inch, imless a large number of cylinders 
is used. 

Erosion. — ^The erosion of propeller blades is closely connected 
with cavitation. It is now believed to be due to the hammer 
action produced by cavities in the water closing up on the surface 
of the blades in such a manner that the energy of collapse is con- 
centrated on a small portion of the propeller surface. Whatever 
tends to the formation of eddies or broken water will aggravate 
it. All the features included under causes (1), (2), (3) of cavita- 
tion, as well as badly shaped bossings, the form of stem frame. 
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very full lines to the after-body, and the propeller working with 
part of its blades in the wake of another, are all favourable to 
erosion. 

Lord Kelvin has shown that at high velocities water streaming 
past an obstacle can form a species of coreless vortex, and when 
the conditions represented by the preceding cause (1) are attained, 
such vortices may form on the propeller, and no matter how small 
they are, their collapse produces a hammer blow. But erosion 
will show itself quite near the roots of the blades as well as near 
the tips, so that simple velocity is not always the cause, and the 
Erosion Committee appointed by the Board of Invention and 
Research, make the following recommendations which aim to 
reduce the water disturbance in front of the propeller. (1) In the 
case of twin-screw ships, the propellers should be as far as possible 
from the after-end of the bossing. (2) In the case of four shaft 
vessels, the after-propeller should, in addition, be placed as far 
as possible abaft the leading propellers, and as far as possible 
clear of their race. (3) The form of the after-edges of stmts and 
bossings of very fast vessels should be designed and placed so as 
to cause a minimum disturbance of the water flowing past the 
propeller. 



CHAPTER XXIV 



MEASURED MILE TRIALS 



§ 85, — ^Trials upon the measured mile are intentionally made 
under the best possible circumstances as regards weather and sea 
and with a clean bottom. Under such equable conditions the 
performances of different vessek may be compared with one 
another and with tank results. 

Most large vessels are now tested by a series of " progressive 
trials," i.e., trials made at a series of speeds from the lowest to 
the maximum possible. A single trial at high speed serves but 
very little use, except to show that a certain engine power and 
general efficiency (as may be laid down in terms of power and 
speed in the ship's contract) have been obtained. Progressive 
trials, if properly analysed, can be made to give valuable data, 
not only as regards the ship tested, but such as will be useful in 
future designs. The real object of such trials is to measure the 
propulsive efficiency of the vessel, and for this complete records 
of revolutions of each shaft, ship speed, and indicated or shaft 
horse-power are required. All the trials should be made at as 
near as possible to the same displacement, which should be 
carefully checked by taking the drafts before leaving and on 
returning to the moorings. In the case of high-powered vessels, 
if the trials at different speeds are nm on the same day after each 
other, the time between each set should be noted, in order that the 
displacement may be corrected for the fuel and water consumed 
during the intervals. 

Every care is required in carrying out such trials to see that 
errors shall not creep into the results. With good judgment 
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many of these can be avoided. The more important of them 

are : 

(a) Insufficient length of run, after making the turn to go 
over the course again. The vessel must attain uniform 
speed and be on its course parallel to the posts before starting 
on the mile, otherwise the speed will be low. 

(6) Variation in tide. The tide on the mile is never con- 
stant either in direction or in speed. It can be eliminated 
froin the measured speed by making an even number of 
nms on the mile, and using the mean-of-means method of 
obtaining the average speed. If an odd number of runs 
is used to deduce the speed the result will be in error, being 
on the small side if the larger number of runs is made 
against the tide at or about ebb tide, or with the tide at flood 
tide. 

(c) When there is any variation of tide at different parts 
of the measured course, the runs both with and against the 
tide should be made in the same part of the channel. 

(d) The steam valves should not be touched once the 
vessel has settled on her course and is approaching the 
mile. 

(e) The rudder should not be put over more than 2 or 3 
degrees whilst the ship is approaching or on the mile. 

Analysis of Data. — ^The records of speed, revolutions, and power 
obtained during the trials shoidd aU be averaged by the mean-of- 
means method. Thus, if four nms are made at approximately 
the same speed the average is obtained as follows : — 



Measured Speed or 
Power, etc. 


First Mean. 


Second Mean. 


Third Mean and 
Ayerage. 


Xi 
Xi 


Xi+Xi 

2 

Xi+Xi 

2 

Xz+X^ 

2 J 


Xi+2Xt+X^ ' 


3 



MEASUBED MILE TBIALS 236 

OS I 3? I XiM I X 

The arithmetic mean, viz., ^ *^ ^ differs from this a 

little and is not so correct as the above. It is important that the 
speeds used in the calculation are consecutive and not selected 
from a number of results. 

The trial results having been averaged can be plotted in the 
following form (for each shaft separately when there is any 
marked divergence between them) : — 

/,v A t I.H.P. or S.H.P. 

(1) A curve of rr. — i irn/ . 

(displacement)* K^ 

(2) A curve of revolutions per minute=iB 
^ ship speed in knots= V ' 

Knowing the pitch of the propeller (this being as set in the shop 
or as measured in place on the shaft when in dry dock), the latter 
curve can be put in the form 

RxP 



With a good form of vessel neither of these curves should vary 

in ordinate value very much. If the former shows a tendency to 

increase slowly with speed (as it does for full low-speed vessels), 

the latter should also show a tendency in the same direction. 

I H P 
The -—Trz~ ^* moderate speeds for the form never varies very 

rapidly in ordinate or character, and if the trial results show any 
marked variations, the data should be closely examined, and such 
things as depth of water, state of sea, excessive trim, etc., should 
be looked into. 

If a model of the ship has been tested in an experiment tank, 
the analysis then proceeds as follows : — The curve of effective 
horse-power (E.H.P.) for the ship at the displacement as on trial, 
can be closely estimated from the model resistance experiments. 
If model screw experiments have been made the hull efficiency (h) 
and wake (w) at the different speeds are known. If no such 
experiments have been made, these coefficients must be assumed. 
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In this way a curve of 

Ej.H.P. t.m.p. 

can be plotted. 

The curve derived in this way is for naked ship. An allowance 
of from 5 to 9 per cent, must be added for shaft webbing, rudder, 
and bilge keels, the former for single screw and the latter for 
quadruple screws, and from 1 to 4 per cent, for air resistance, 
according to the height and extent of hull above water. 

Knowing the dimensions of the propellers, their revolutions 
and speed of advance through the water, the power (H) exerted 
by them, and their efficiencies at each speed can be worked out 
in the manner already described. K the vessel has triple oi 

quadruple screws, the -r^ for each screw or pair of screws is worked 

out separately, using for the pitch of the screw (the face pitch) X 

H 

1«02, or for turbine screws 1*04. The calculated values of j^ 

obtained on each shaft in this way are added together and plotted 
as a curve of total j^^. 

rp TT p TJ 

The curves of ' ' and ^ derived from the model and from 

the screws, should be similar in shape, and differ in ordinate value 
only in so much as may be due to imperfect estimation of appen- 
dage resistance, or to extra resistance due to a foul bottom. Such 
differences in general ordinate value between the two curves can 
very often be adjusted by assuming a slightly different pitch for 
the propellers, or varying the wake fraction. The true pitch of a 
propeller is never properly known, and the factors already given 
by which it can be derived from the face pitch, are empirical in 
character and vary slightly with shape of blade section and other 
makers' characteristics. Provided the hull efficiency is not 

greater than unity, which is generally the case, the f^ derived 
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T H P 
from the propellers should not be less than the ' ' obtained 

from the model experiments. 

Knowing the power H developed by each propeller and its 
eflSciency, the power delivered to it (D.H.P.) can be calculated 

(^being simply gcrew efficiency ) ' ^^^ ^^^ ^^ plotted in the form of 

D H P D H P 

'r^3 ' . The curve of '^3 should differ in value from the 

measured shaft horse-power (S.H.P.) , ^ j ^ ^i 
™ — ^ by an amount due to the 

friction of the bearings (and thrust block, if the torsion meters are 
fixed forward of this). If indicated power has been measured, 

I H P D H P 

the difference between the '3 curve and the ' '^ curve is 

due to shaft and thrust block friction, main engine losses, and 
power taken up by auxiliary machinery worked off the main 
engines. 

Since the friction, and to a large extent the engine losses, 

will vary with the load or torque on the shaft, if a curve of 

/I.H.P.-D.H.P.\ , 1 .. . . x^ W D.H.P. \ .^ , , , 

T—T' be plotted to a base of ( ,— ^ — I , it should 

\ revolutions / ^ xrevolutions/ 

give a fairly straight line. If the spots for the various trials do not 

come fair, some slight adjustment of the wake may help to smooth 

out discrepancies, but it must be remembered that any variation 

of D.H.P. effected in this way will affect the comparison of the 

T.H.P. obtained from the towing experiments, with the H values 

calculated from the screwj particulars. This curve or line really 

shows the torque which is wasted in the engine, etc., to a base of 

torque delivered to the screw, and upon its general ordinate 

value depends the total efficiency of the engine and transmission, 

D H P 
this efficiency being given by w'tt'p' 

The efficiency of the engine obtained in this way must be 
regarded only as approximate, since it depends upon the wake of 
the ship and pitch of the propeller, and these are in most causes a 
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little indeterminate. If, however, every care has been taken in 

the trials, the possible error should not be more than about 3 per 

cent. The E.H.P. estimated from the model experiments is fairly 

accurate, and the screw efficiency is also fairly reliable. The uncer- 

E H P 

tainty lies mainly between the ratio yt — i — i x jiV.' ' ^i, 

•^ H calculated from the screws 

and the efficiency of engines. The product of the two must be 

constant, and any variation of the wake which lowers the one 

must increase the other, the ratio t'tt -p' remaining the same. 

l.Xl.i: . 

In the case of vessels whose shaft horse-power has been measured 
there is not so much uncertainty, and the analysis is more satis- 
factory in this respect. 

One of the important objects of such analysis is to see if cavita- 
tion is taking place. This shows itself in the first place by the 

HP I H P 

attitude of the curves of -^ and — t^^* for ship. Both of these 

increase rapidly in value when cavitation commences. But a 
rapid increase in their value at high speeds is not in itself a sure 
indication of cavitation ; it may be due to the ship resistance 

increasing at an abnormal rate. 

E H P 

This would be shown by the '^3 curve, which should be 

either constant in ordinate value or increase gradually with speed. 

E H P 
A sudden increase in value of x.a denotes that the form is for 

some reason unsuitable for the speed and the resistance abnormal. 

T?\^ p T TT P 

[n this case the — rr— and * will also increase rapidly, and 

other means than that indicated above must be adopted to detect 

E H P 

the presence of cavitation. But if the V^ curve is fairly 

straight at those speeds at which the revolutions and power 
show e. rapid increase, it is fairly certain that cavitation has 
developed. 

A further check can be obtained from the values of (I.H.P.— 
D.H.P.). When cavitation is present the power estimated from 
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the revolutions exceeds that actually developed in the screws, 

and the estimated D.H.P. becomes too great and gives a fictitious, 

and correspondingly low value of (I.H.P.— D.H.P.) and an equally 

1 1 ^ £!.M.P. 

low value of — ^ — . 

Such an analysis as the above therefore gives a reliable indica« 
tion of the worst evil a screw may meet, and also serves to give 
data as to both the engine and jpropeller efficiency, and enables 
these to be partially separated from each other. It also tells the 
designer the approximate ratio of driving face pitch to analysis 
pitch which must be used in making estimates from Froude's 
data for any particular make and style of propeller. 

Tabulation- and Plotting of Trial Results. — ^Without model 
experiments analysis of steam trial results cannot be carried very 
far, and what is usually done can only be regarded as tabulation 
of results for record and comparison. Some of the curves pre- 
viously mentioned can, however, be plotted in order to check the 

results in themselves. For record purposes values of -ri — ^, 

I.H.P. 

or preferably /wetted \ / y^ should be tabulated, or plotted as 

\surface/ \ / 

y 
ordinates to a base of .. ■. , P being the prismatic coefficient 

of the form and L the immersed length on which this coefficient has 
been calculated. This plotting takes account of two important 
factors in resistance, viz., the actual wetted surface, and the wave- 
making speed at which the ship may be running. K any humps 
occur in the plotted curve, they should fall at known values of 

V 
.' y, viz., 1-34, -96, -76, etc. (see also Table 10). 

Many factors influence the value of the ordinate, but the above 
is a ready and approximate method of comparing all types, and a 
fairly accurate one for comparing a number of forms of any given 
type. Table 37 gives particulars of a number of ships treated in 
this way. 
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Example of the Analysis of Steam Trial Results. 

Displacement on trial . . . 8,500 tons. 

Engines triple expansion. 

Propeller particulars : — 

Diameter . . . . 16«0 feet. 

Driving face pitch . . 20*25 feet uniform. 

Number of blades . . .3 

Developed blade area . . 70 square feet. 

Clearance of blade tips and hull 

plating . . . .13 inches. 

Lines 2, 3, and 4 of the following tab?e give the measured speed 
indicated horse-power, and revolutions oi engines. 

The analysis pitch of the propeller=20-25x l-02=20-67 feet 
The analysis pitch ratio=-j-j7:^ = l-29=p. 

The disc area ratio=— rJ^r--«=-414. 

7;(80)^ 

The 1 3 square feet added in the last line is the allowance 
for the blade outline if produced to the shaft centre 
(see note (d) § 75). 
Thrust factor from Fig. 36, i.e., '' B'\ . . -106 

Hull efficiency assumed . . . . . -98 

ml 21 22*2Q 

i^^t^ 52)2= :^^X-106x (160)2=469 (see § 76). 

Thrust horse-power delivered by the screw (line 15 of 
the table) =469xyx(Fi)3. 

The trials show a transmission efficiency of -85 at service speeds, 
which is fairly good. The thrust block friction, which amounts 
to about 3 per cent, of the power transmitted, is taken into accoimt 
in the above efficiency. The further analysis of this is dealt with 
on page 237. 

Line 7 gives the power estimated from the tank experiments, 
and should agree with the figures in line 15, i.e., the powers 
calculated from the known particulars of the propellers. The 
discrepancy may be due in part to rough water or to the screw 
not developing the calculated powers owing to too little clearance, 
which will also lower the efficiency. The mtter assumption gives 
about the same D.H.P. value, but makes the "H" value lower. 
It may also be due to the reputed pitch being too high. A slightly 
lower pitch would improve line 21, but would reduce the engine 
efficiency shown by line 20. , 

If the figures in line 7 were divided by A*F' and plotted to a 
base of speed with the figures in line 9^ the two curves should 
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Line 


9 




Runs. 


Item. 




















1&2 

110 
900 

•60 
400 

432 

441 


3&4 


5&6 


7&8 


9&10 


2 
3 

4 

5 
6 

7 


Speed in knots .... 

I.H.P., one shaft 

Revolutions in hundreds por 

minute ..... 
J (E.H.P.), from tank tests. 
E with 8 per cent, added for air and 

shaft tube resistance 
Line 6 divided by hull efficiency 

(•98) 


V 
I 

R 
E 

THP 


12-5 
1,350 

•695 
625 

675 

689 


140 
1,940 

•795 
925 

1,000 

1,020 


15-0 
2,310 

•850 
1,176 

1,270 

1,294 


15-5 
2,640 

-89 
1,325 

1,432 

1,461 


8 




RP 

Y 


1,129 


116 


117 


117 


1187 


9 


2 

A*»' 

Line 7 
(velocity)' — • • • • 
Wake fraction assumed 




•00161 


•00165 -00169' -00169 


•00169 


10 


TH.P. 

L8 


•332 


•352 


•372 , 383 


•393 


11 


to 


•17 


16 


•16 


•15 


■14 


12 


fj-r— ) speed of screw through 








1 






wake water .... 


V, 


9-40 


1078 


1207 1304 


13-6 


13 


X= 


RP 

Vi 


1319 


1333 


1357 '' 1-345 


1-351 


14 




•00125 


•00131 


•00142 00138 

1 


•0014 


15 


P+2*B2)'7i«r= . . . 

Efficiency of screw from Fig. 39, cor- 
responding to above **X " values 

Correction for disc area from Fig. 
37 

Correct efficiency 

Power on the shaft at the 8crew= 


H 


486 


770 


1,168 1,437 


1,651 


16 

17 

18 
19 


V 


•73 

•002 
•732 


•73 

•002 
•732 


-727 1 -73 

1 

•002 002 
■729 -732 

i 


•729 

•002 
731 




H 

Efficiency of ensine, including 
thrust block and shaft friction . 


D.H.P 


664 


1,052 


1,602 


1,960 i 2,259 

! 


20 


D.H.P. 


•74 


•78 


•825 ^85 


•855 




/ 


21 


Line 7 divided by line 16 . 
divided by line 3) . 


TH.P. 


•91 


•90 


•88 


.01 


-89 


22 


// 


•444 


•463 


•477 •ol 


•503 



show about the same attitude to the base. The same remark 
* applies to line 15, the attitude of which can be altered a little by 
adjusting the wake at the different speeds, so as to bring the 
results into better agreement. 

This example, containing as it does some discrepancies, has 
been chosen in order to show how to deal with them. An intimate 
knowledge of the trials, or comparison of the trials, of sister ships 
is sometimes necessary for the clearing up of some of the doubtful 
points. 
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little indeterminate. If, however, every care has been taken in 
the trials, the possible error should not be more than about 3 per 
cent. The E.H.P. estimated from the model experiments is fairly 
accurate, and the screw efficiency is also fairly reliable. The uncer- 

E H P 

tainty lies mainly between the ratio yy — i — , ^ , ' ' V . 

•^ H calculated from the screws 

and the efficiency of engines. The product of the two must be 

constant, and any variation of the wake which lowers the one 

E H P 

must increase the other, the ratio t'tt -p' remaining the same. 

l.Xl.i: . 

In the case of vessels whose shaft horse-power has been measured 
there is not so much uncertainty, and the analysis is more satis- 
factory in this respect. 

One of the important objects of such analysis is to see if cavita- 
tion is taking place. This shows itself in the first place by the 

HP T TI P 

attitude of the curves of ~^- and -^3— for ship. Both of these 

increase rapidly in value when cavitation commences. But a 
rapid increase in their value at high speeds is not in itself a sure 
indication of cavitation ; it may be due to the ship resistance 

increasing at an abnormal rate. 

E H P 

This would be shown by the '^3 curve, which should be 

either constant in ordinate value or increase gradually with speed. 

E H P 
A sudden increase in value of \jl denotes that the form is for 

some reason unsuitable for the speed and the resistance abnormal. 

R^ P T TT P 

[n this case the — p— and ' ' will also increase rapidly, and 

other means than that indicated above must be adopted to detect 

E H P 

the presence of cavitation. But if the 'p^ curve is fairly 

straight at those speeds at which the revolutions and power 
show e. rapid increase, it is fairly certain that cavitation has 
developed. 

A further check can be obtained from the values of (I.H.P.— 
D.H.P.). When cavitation is present the power estimated from 
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the revolutions exceeds that actually developed in the screws, 
and the estimated D.H.P. becomes too great and gives a fictitious, 
and correspondingly low value of (I.H.P.— D.H.P.) and an equally 

low value of — ^ — . 

Such an analysis as the above therefore gives a reliable indica- 
tion of the worst evil a screw may meet, and also serves to give 
data as to both the engine and propeller efficiency, and enables 
these to be partially separated from each other. It also tells the 
designer the approximate ratio of driving face pitch to analysis 
pitch which must be used in making estimates from Froude's 
data for any particular make and style of propeller. 

Tabulation- and Plotting of Trial Results. — ^Without model 
experiments analysis of steam trial results cannot be carried very 
far, and what is usually done can only be regarded as tabulation 
of results for record and comparison. Some of the curves pre- 
viously mentioned can, however, be plotted in order to check the 

results in themselves. For record purposes values of a|' yy 

I.H.P. 

or preferably /wetted \ .. /t/^jN should be tabulated, or plotted as 

Vsurf ace J ^V ) 

V 
ordinates to a base of ./■■ , P being the prismatic coefficient 

of the form and L the immersed length on which this coefficient has 
been calculated. This plotting takes account of two important 
factors in resistance, viz., the actual wetted surface, and the wave- 
making speed at which the ship may be running. If any humps 
occur in the plotted curve, they should fall at known values of 

V 
^' M , viz., 1'34, -96, '76, etc. (see also Table 10). 

Many factors influence the value of the ordinate, but the above 
is a ready and approximate method of comparing all types, and a 
fairly accurate one for comparing a number of forms of any given 
type. Table 37 gives particulars of a number of ships treated in 
this way. 
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Example of the Analysis of Steam Trial Results. 

Displacement on trial . . . 8,500 tons. 
Engines ..... triple expansion. 
Propeller particulars : — 

Diameter .... 16*0 feet. 

Driving face pitch . . 20*25 feet uniform. 

Number of blades . . .3 

Developed blade area . . 70 square feet. 

Clearance of blade tips and hull 
plating . . . .13 inches. 

Lines 2, 3, and 4 of the following tab^e give the measiured speed 
indicated horse-power, and revolutions of engines. 

The analysis pitch of the propeller=20-25x l-02=20-67 feet 
The analysis pitch ratio=-r^777r = l'29=p. 

The disc area ratio=— rrr7r-«='414. 

71(80)^ 

The 13 square feet added in the last line is the allowance 

for the blade outline if produced to the shaft centre 

(see note (d) § 75). 

Thrust factor from Fig. 36, i.e., *' B'\ . . -106 

Hull eflSciency assumed . . . . . -98 

^^^^^^ 52)2= ^^X -106 X (160)2=469 (^ee § 75). 

Thrust horse-power deUvered by the screw (line 15 of 
the table) =469 X 7 X ( V^)^. 

The trials show a transmission efficiency of -85 at service speeds, 
which is fairly good. The thrust block friction, which amounts 
to about 3 per cent, of the power transmitted, is taken into account 
in the above efficiency. The further analysis of this is dealt with 
on page 237 . 

Line 7 gives the power estimated from the tank experiments, 
and should agree with the figures in line 15, i.e., the powers 
calculated from the known particulars of the propellers. Hie 
discrepancy may be due in part to rough water or to the screw 
not developing the calculated powers owing to too little clearance, 
which will also lower the efficiency. The latter assumption gives 
about the same D.H.P. value, but makes the "H" value lower. 
It may also be due to the reputed pitch being too high. A slightly 
lower pitch would improve line 21, but would reduce the engine 
efficiency shown by line 20. ^ 

If the figures in line 7 were divided by A' F' and plotted to a 
base of speed with the figures in line 9, the two curves diould 
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Table 36. 




line 


* 




Runs. 


Item. 




















1&2 

110 
900 

•60 
400 

432 

441 


3&4 


5&6 


7&8 


9&10 


2 
3 

4 

5 
6 

7 


Speed in knots .... 

I.H.P., one shaft 

Revolutions in hundreds per 

minute ..... 
J (E.H.P.), from tank tests. 
il with 8 per cent, added for air and 

shaft tube resistance 
Line 6 divided by hull efficiency 

(•98) 


V 
1 

R 
E 

THP 


12-5 
1,350 

•695 
625 

675 

689 


140 
1,940 

•795 
925 

1.000 

1,020 


15-0 
2,310 

-850 
1,175 

1,270 

1,294 


155 
2,640 

•89 
1,325 

1.432 

1,461 


8 




RP 
V 


1,129 


M5 


117 


1-17 


1187 


9 

10 
11 


2 

Line? 

(velocity)* 

Wake fraction assumed 


TH.P. 

w 


•00161 

•332 
•17 


•00165 

•352 
16 


•00169 

•372 
•16 


•00169 

•383 
•15 


•00169 

•393 
■14 


12 


[ . ) speed of screw through 
wake water .... 


Yi 


940 


1078 


! 
1207 ! 1304 


136 


13 


X= 


RP 

1/. 


1-319 


1333 


1-357 1-345 


1351 


14 


From Fig. 39 ... . 


* I 
7= 


•00125 


•00131 


-00142 -00138 


•0014 


15 


Efficiency of screw from Fig. 39, cor- 
responding to above "A'* values 

Correction for disc area from Fig. 
37 

Correct efficiency 

Power on the shaft at the screw = 


// 


486 


770 


1,168 1,437 


1,651 


16 

17 

18 
19 


T? 


•73 

•002 
•732 


•73 

•002 
•732 


•727 1 73 

•002 -002 

729 -732 

1 

i 


•729 

•002 
731 




H 

Efficiency of engine, including 
thrust block and shaft friction . 


D.H.P 


664 


1,052 


1,602 1,960 


2.259 


20 


D.H.P. 


•74 


•78 


.QOr; ' .Qft 


•855 




/ 


OZU 


ut/ 


21 


Line 7 divided by line 16 . 

Propulsive coefficient (Une 5 
divided by line 3) . 


TH.P. 


•91 


•00 


1 
-88 -91 


•89 


22 


H 


•444 


•403 


1 
•477 -51 


•503 



show about the same attitude to the base. The same remark 
' applies to line 15, the attitude of which can be altered a little by 
adjusting the wake at the different speeds, so as to bring the 
results into better agreement. 

This example, containing as it does some discrepancies, has 
been chosen in order to show how to deal with them. An intimate 
knowledge of the trials, or comparison of the trials, of sister ships 
is sometimes necessary for the clearing up of some of the doubtful 
points. 
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Table 39. 

Correction of (c) Value, passing from a Ship Length of 400 Feet 

to any other Length. 






Length of Ship 


Addition to 


Length of Ship 


Deduction from 


(feet). 


rc) Value. 


(feet). 


MTj Value. 


100 


•09 


400 




150 


•066 


450 


•007 


200 


•045 


500 


•013 


250 


•03 


600 


•024 


300 


•018 


700 


•033 


350 


•009 


800 


•041 


400 




900 


•048 






1,000 
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APPENDIX I. 

Table 3 is based upon the experiment data published by : — ^W. Froude 
for 50, 25, 16, 6, 2*5, 1'8, 1*0 feet planks in water ; Herr Geber for 
652, 460, 360, 160, 60 cm. planks in water ; the Froude tank for 16, 8, 
8 feet planks in water ; Zahm for 17*17 and 3*17 feet planks in air. 

Except at low speeds there was good agreement between all the data 

when plotted as -— to a base of — . A mean curve put through the 

W. Froude and tank results has been transformed into logarithmic form 
and is given in Fig. 50. This overcomes the mechanical difficulty of 
extension to high speeds and length. 
All the experiments with models or planks in air show a sharp upward 

R VL 

tendency of —rr^ values at low — , whereas those in water show an equally 

VL 
marked downward tendency with more fluctuation in value at low — . 

There is little doubt that the results in air are for sinuous or eddy motion, 
but in water there is no general motion of the fluid and it is possible to 
develop only viscous flow. Stanton and Pannell show this same downward 

movement of — rj^ when the flow changes from the ordinary eddy motion 

at all ordinary speeds to viscous motion at low speeds. Only those results 

which lie above the — value at which this departure between air and 

V 

water results is apparent have been used in obtaining Fig. 50. 

Example of Calculation of Skin Friction Resistance with the 

Aid of Fig. 50. 

The resistance of a vessel 400 feet long, wetted area — 30,000 square 
feet is required at 25 knots. 

V = 42-2 f.s., and v = 1*33 X 10"^ at 55 degrees F. 

Hence -^^ = 1^-^X_400 ^ ^.^, ^ ^^.^ 

*' 1-33 X 10 

VT 
Log — = 9-1038. 

V 

From Fig. 50, 

log -77-- = 4*902 for a smooth surface, 

8*00 
and R = y^ - X 1-99 X 422* lbs. per square foot. 

Total resistance == 84,800 lbs., to which must be added a percentage for 
laps and butts as in § 14 and Table 5. 
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for low prismatic coefficient 30, 31 

use for stream line plotting 4 
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shape 44 
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increased, displacement constant . .46 
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Balloon-shaped forms, eddy-making at stem 16 

Barges, shape of 64 

in canals 64 
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at aU sections 46 

draft decreased, area constant . . . .48 
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Number oi 
section. 
Bilge keel, head resistance of 17 

resistance 59 

trace I7 

turn and lower level lines 62 

rise of floor 62 

eddy- making at 16 

stream lines at 7 

Blades of propellers, developed outline {see 0). 

number of (see N). 

Block coefficient, definition 1 

Body plan sections, form of 52^3 

Boss allowance, and Fronde's disc area ratio 76 

Bossinsrs and direction of rotation 56, 81 

Boundaries, effect on stream line motion 6 

Bow water line, high-speed vessels 63 

low-sp^eed vessels 62 

variation on fine forms 31 

Breadth of canals and channels, effect on resistance . . 63, 64 

Buttock linesi, importance at high 8X)eed8 66 

Butts and landings resistance 14 

C. 

Canals and resistance 64 

Car^- boats, minimum depth of water for low resistance . . 62 

Cavitation, causes of 84 

indicated by trial analysis 85 

pressure limits 84 

Channel steamers 30, 31, 33 

width, depth, and area for low resistance . . . .63 

Clearance of tip, and blade outline 77 

cavitation 79, 84 

hull efficiency 80 

Combination of turbine and reciprocating engines . . . .83 

wave systems 18 

Comparative tests of models 26 

Comparison, law of . 8 

" Constant ** notation 2 

Constants for skin friction 10, 11 

Consumption of main engines 83 

Contrary turning screws 82 

Correction of skin friction for length 25 

Corresponding speeds 8 

OosscMc trials 61 

Critical speed in shallow water, theoretical 23 

actual 60, 61 

of ship for economy 28 

Cruiser forms 30 

stem 32, 33 

D. 

Definitions 1, 65 

Depth of channel and resistance 63 

water, Tninimnm for low resistance 62 
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Number of 
section. 

Destroyers 55 

after-body curve of areas 34 

and shallow water 61, 62 

Developed outline of propeller blades (see O). 

Diameter of single screw and hull efficiency 80 

versus disc area ratio 73 

Dimensions of experiment tanks 24 

Direction of rotation and shaft brackets 81 

Disc area ratio, effect on propeller efficiency 74 

thrust . 73, 77 

(Fronde's) allowance for boss 75 

Displacement, importance in racing vessels 55 

increased by increasing beam and draft . . .46 
to length ratio in Channel steamers . . .33 

effect with parallel body . .35 

Distribution of pressure on propeller blade . . ' . . .84 

Diverging waves 21 

in shallow water 23 

velocity of 21 

Draft and beam increased at all sections 46 

sectional area constant . . .47 

decreased, beam increased, sectional area constant . 48 

effect of in channels 63 

increased by bodily sinkage 50 

E. 

Economical length of parallel body 35 

speedB 28 

Eddy-making and shallow water 60 

at stem in general 16 

behind plates 17 

effect on propeller 16 

with full stem 42 

Efficiency (hull) (see H). 

model screw experiments on 74 

net propulsive 71 

of element of propeller 67 

ideal profiler 66 

main engmes 83, 85 

propeller with foul surface 75 

relative rotative .71 

Electrical transformers • .83 

Energy in a wave 18 

Entrance and run filled out, maximum area decreased . . .49 

relative length of 43 

anffle and diverging waves 21 

dennition of 1 

length in racing boats 56 

necessary 28 

reduction of length with parallel body . . . .37 

varying fulness, fine forms 40 

full forms 41,42 

Erosion of propellers • .84 
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Number of 

Errors' in speed trials 35' 

Estimating from model screw data ....!!] 76 

Experiments on friction, Fronde's ....!!.' 10 

with small screws, applicability . . ] [ ! 68 

P. 

Fashioning 57 

Fine and fnll ends and total resistance . . .31, 40, 41 42 

wetted area * . ' 31 

water line at ends 62 63 

forms and hollow water lines 63^ 64 

vessels with9nt parallel body [ . * 30 

Fining ends and filling shoulders .35 

Flying boats 66 

Fore and aft position of screw and hull efficiency . . . .80 

Fore-body, definition 1 

effect on hull efficiency 80 

introduction of parallel body in 36 

Form, best for moderate speeds 32 

Fottinger transmission gear 83 

Foul bottom 14 

screw blades and efficiency 76 

Four and three- bladed propellers, efficiency and thrust . . 73, 74 

Frictional resistance 9, 10, 11, 12 

and shallow water 60 

and wake ' .... 79 

Friction losses in engines 83, 86 

Fronde's constants 2 

exx)eriments with model screws 73 

Full ends versus fine ends with parallel body . . . . 29, 36 

Fulness and eddy-making 16 

effect on skin friction 12, 13 

G. 

Gap between screw blades and efficiency 77 

Gas engines 83 

Geber's exx>eriments on friction 10 

Generation of waves * 20 

Qreyhound experiments 26 

Ground swell and resistance of line vessels . • . . .54 

H. 

Havelock and wave resistance 22 

Head resistance 17 

High 6x>eeds and hollow lines 39 

no parallel body 31 

Hollow and full-ended forms, no parallel body 31 

with parallel body . .36 

driving face of screw blades 78 

lines and snubbing 29 

versus straight lines, long parallel body ... 41, 42 

no parallel body . . . . 53, 54 
short paraUel body . . .39 
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Number of 
section. 

Horizontal shaft webs 68, 81 

Hull efficiency, general . . . . . . 71, 79, 80 

and shaft webs 81 

Humps, effect of shallow and narrow water on .... 63 

in resistance curves 28 

Hydro-aeroplane floats ......... 56 

Hydroplanes 56 

I. 

Ideal propeller 66 

Increasing pitch of screw 78 

prismatic coefficient by adding pariJlel body . . 34, 36 

Interference of bow and stem wave systems 28 

Inward turning propellers and angle of webs • • • • 58, 81 

K. 
Kelvin's wave system ......... 20 

L. 

Large prismatic coefficient, and parallel body . • . . 35, 42 

bow water line 62 

eddy-making with . . . .16 

Largest section, position of 43 

Law of comparison for screws, tests of 69 

ship 8, 25, 26 

skin friction resistance 10 

Lord Rayleigh's 11 

Leading edge of propeller blade, setting back 78 

Length and speed of waves 18 

correction of skin resistance for 25 

effect on resistance humps 36 

increased by addition of parallel body . . . . 34, 36 

relative, of entrance and run 43 

Level lines and body plan sections 52 

Limited fluid, effect on stream line pressures 6 

Liners, minimum depth of water for low resistance • . . .62 

M. 

Main engines, efficiency and consumption 83 

Manoeuvring, effect of eddy-making on 16 

Mathematical wave systems 20 

Mean speed on measured mile 85 

Mechanical gearing 83 

Metacentro and midship section coefficient 44 

Midship section and shallow water resistance 62 

area and size of water channel . . . .63 

decreased, ends filled out • . ' . .49 

increased, with constant displacement • . 45 

coefficient and long parallel body . . .49, 62 

wetted surface . • . .47 

position of . . 43 

shape and area 44 

S.F. s 
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Number of 
section. 

Model exx>eriments 24 

screw experiments 73 

Moderate speed vessels and shallow water 62 

Motor boats 56 

Multiple screws 57, 82 



N 
Number of blades in propeller, efficiency and thrust • • 73, 74 



O. 

Obliquity of diverging waves 21 

Ocean waves 18 

Oil engines 83 

Outline of blades 77, 84 

Outward turning screws and angle of shaft webs • • . 58, 81 



P. 

Paints, skin resistance of 14 

Parallel body, definition 1 

adding between fixed ends 36 

and bD^ turn 52 

lonff, with varyinff ends 41, 42 

me^ods of in&oducing 34 

short, with varying ends 39, 40 

varying, on fixed total length . . . . 37, 38 

Period and length of waves 18 

Pitch, definition of 65 

ratio and efficiency 74 

effective and thickness of blade 78 

high, advantages of 76 

nominal and effective 75 

Planing 56 

Plates, diverging waves created by . . . . . . .21 

head resistance of 17 

moving on surface of water 21, 56 

Position of screw, effect on wake, etc 80 

Power absorbed by skin friction 13 

Pressure curves, characteristics of 5 

for limited fluid 6 

various forms 4, 5 

distribution on propeller blade 84 

limits for cavitation 84 

Prismatic coefficient definitions . 1 

decreased by increase of beam . . .45 

effect on economical speed . . . .28 

pressure distribution .... 5 

skin resistance 10 

increase by snubbing ... , W 
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Number of 
Bection. 

Propagation of ocean waves • . . • • . • • 18 

Propeller blades, roughness of 78 

effect of eday-makinff on 10 

experiments, Proude s 73 

in open water, general laws 72 

Q. 
Quadruple screws • • • 82 

R. 

Kacing of propeller 84 

vessels 55 

Rake of screw blades 77 

Rankine's augmented surface 10 

Keciprocating engine, efficiency and consumption of • . .83 

Reduction and reversing gear 83 

Relative rotative efficiency of propeller 71 

Revolutions and cavitation 84 

sx>eed on trials 85 

wake value 80 

effect on efficiency .85 

Root thickness of blades 78 

Rotation of screw race 66 

in small and large screws 63 

screws, variation during revolution . . . .84 

Roughness of surface of propeller blades 78 

Rudder resistance 59 

Run, and entrance filled out, largest section decreased . . .49 

definition of 1 

length of necessary 28 

reduction of length of, due to parallel body . . . .37 

relative length of entrance and 43 

varying with fixed entrance 40, 42 

S. 

Sadler's models, displacement constant, varying parallel body. • 35 
Screw propeller theory {see T). 

Section of propeller blade, and efficiency 78 

position of maximum thickness . 78 

Shaft brackets and direction of rotation 81 

tube and fashioning, resistance 58 

webs, cross flow at 17 

reduction with straight lines aft 54 

Shallow and deep draught vessel in channels 63 

draught vessels 48 

water, effect on stream lines 6 

resistance due to 60, 61, 62 

waves 23 

Shape of after-body sections 52 

Skew-back of propeller blades 77 

Skin friction, correction for length • .25 

resistimoe in general • 9 
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Namber of 
section. 

Small scale screw exx>eriment8, applicability of .... 68 

Snubbing, effect on area curve and resistance . . . 29, 30 

Sources and sinks 4 

Speed and length of waves 18 

wake 80 

of diverging waves 21 

variation of eddy -making with 16 

skin resistance with 

wave-making with 28 

Squatting and after water line 53 

Stanton's experiments and law 12 

Stem, cruiser form of ... . .... 32 

water lines 32 

Stream line diagrams 4 

flow and wake 79 

around racing vessels .... 56 

sensitive m shallow water 62 

motion in general . . 3, 4 

lines for fish and ship -shaped forms 7 

Suction in front of prox>eller 06, 84 

Surface wetted, calculation for 15 

T. 

Tandem screws 82 

Taylor's models, varying parallel body, displacement constant . 35 

stream lines 4 

Theories of screw propeller 66 67 

Thickness of propeller blade 77, 78 

Thrust and number of blades 73 

deduction fraction 71 

experimental law for 73 

of propeller in open water 72 

variation with width of blade .77 

Tid6mans exx>eriments on friction 9 

Trailing edge of propeller blade 78 

Tramp steamer, fore-body curve of areas 34 

Transmission gear 83 

Transverse wave resistance 22 

Trial data analysis 75, 85 

TnalB on measured mile, errors, etc. 85 

Trochoidal wave 18 

Twin versus single screws . . 57 

Types of main engine 83 

U. 

U-shaped sections in fore-body 53 

V. 

V-shaped sections in after-body 53 

Variation of rate of rotation of propeller 84 

Versine curve of areas 29 
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Number of 
section. 

Vertical shaft webs 68, 81 

Vibration and blade outline 77 

small clearances ....... 84 



W. 

Wake, and direction of rotation 81 

Calvert*8 experiments 79 

causes of 79 

for quadruple screws 82 

fraction definition 71 

of model and ship, comparison of 70 

revolutions and speed 80 

Water line and bilge turn 52 

coefficient and wetted surface . • . . 49, 53 

proportions 53 

variation in bow and stem 31 

Wave-making in racing vessels , . 55 

Wave motion and law of comparison 8 

fine vessels 54 

resistance in shallow water 60 

Waves, theoretical formulae, etc., for . . , . 18, 19, 20 

Web, shaft, reduction with straight lines aft 54 

Wetted surface and fine ends 31 

increase of beam and draft . . • .46 
midship section coefficient . . • .47 

calculation -. 15 

filling ends and reducing midship section . . 49 

variation with parallel body 35 

Wide-bladed propellers and pitch ratio 76 

tipped propeller blades (Froude*s) 73 

Width of channel and resistance 63 

ratio of blades, and thrust 77 



XandY. 

Z — T and X* — T curves ....:... 75 

Y-shaped sections in after-body 53 

Yachts, absence of hollow in water line 54 

after-body curve of areas 34 

rarrow*g towing experiments • • • 26 



SPECIAL INDEX 

This index ^ves the numbers of the sections in which reference is made 
to vesseiA of definite prismatic coefficient. 



PrisiLatic 
coefficient. 



•50, -55 
•60, -55 
•50, etc. 
•60, etc. 
•50, etc. 
•63 
•548 
•55, etc. 
•55 to -61 
•56 
•66 
•66, etc. 
•675 
•60 
•60 
•60 
•60 and ^64 
•60, etc. 
•60, 8tc 
•60 and -66 
•60 to -68 
•61 
•615 
•62 
•62 
•62 and -68 
•65 
•65 
•66 
•652 
•67 
•68 
•68 
•68 
•67 to 72 
•70 
•69 
•704 and 756 
•7, etc. 
•7, etc. 
•72, -75, 76 
•73, ^78 
•74 to 78 

•74 
•76, 76 
•76, 76 

•80 

•80, etc. 

•82 

•828 

•828 

•67 to 83 

•81 to 84 

•94 




Pressure curves for forms . 
Fulness and skin friction . 

Snubbing 

Reducing midship section coefficient 
Hollow Unes .... 
Economical speed 
Adding parallel body . 
Fronde's methodical series . 
Increasing all cross-sections 
Constant area, varying beam and draft 
Increasing beam, decreasing draft 
Shallow water effect . 
Hollow versus straight lines 
Reducing midship section coefficient 
Liner and width of channel 
Torpedo-boat and width of channel 
Variation of water plane . 
Angle of obliquitv of waves 
Introducine parallel body . 
Fulness and skin friction • 
Shallow water .... 
Hollow versus straight lines 
Froude's methodical series • 
Relative length of entrance and run 
Shape of after-body sections 
Introducing parallcd body . 
Pressure curves for stream f omi 
Adding parallel body 
B PBt ratio of beam to draft 
Rodder resistance 
Variation of after-body 
Best length of parallel body 
Increasing all cross-sections 
Constant area, increasing beam and 
Varying fulness of entrance and mn 
Increasing beam, fining ends 

Best beam 

Relative length of entrance and mn 
Reducing midship section coefficient 
Bow water line for low speed • 
Fulness and skin friction . 
Wake and hull efficiency . 
Varying fulness of entrance and run 
Best curve of areas . 
Pressure curves for stream forms 

Best beam 

Best curve of areas 
Bow water line .... 
Fulness and skin friction . 
Relative length of entrance and run 
Hollow lines in stern . 
Increasing beam relative to draft 
Varying fulness of entrance and mn 
Barge 



draft 



Number of 
section. 



6 

10 

29 

49 

54 

28 

36 
30,48 

46 

47 

48 

62 

64 

49 

63 

63 
31,63 

21 

34 

10 

62 

64 
30,48 

43 

62 

37 
5 

36 

48 

59 

35 

35 

46 

47 

40 

45 
46,61 

43 

49 

62 

10 

80 

41 

36 
6 
46,61 

36 

62 

10 

43 

43 

48 

42 

64 
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